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Chapter 1

Wound healing

Skin provides a highly important barrier function to maintain the balance of water and 
electrolytes as well as prevent the invasion of environmental pathogens [1]. Acute skin 
wounds caused by trauma, burns and surgery can damage the integrity of skin, which may 
lead to a series of potential complications, such as dehydration, electrolyte disturbance 
and infections [2]. Therefore, an increasing demand to accelerate wound healing is 
continuously pursued in clinic to reduce physical pain and restore the structural integrity 
and functionality of skin. 

The repair and regeneration of skin wounds is a complicated and multifactorial process 
that requires the participation of a sophisticated sequence of molecular and cellular 
events. The process of skin wound healing consists of four overlapping but distinct phases, 
including: hemostasis, inflammation, proliferation and remodeling [3]. After injury, the 
exposure of the basement membrane proteins and molecules of the extracellular matrix 
in damaged vessels activates platelets and produces thrombin that catalyzes the initiation 
of the coagulation cascade [4]. The activation of platelets can release a variety of growth 
factors,	such	as	platelet-derived	growth	factor	(PDGF)	and	transforming	growth	factor-β1	
(TGF-β1),	which	recruits	neutrophils,	dendritic	cells	 (DCs),	macrophages	and	endothelial	
cells into the wound sites [5]. Neutrophils follow platelets as principal effector cells that 
release reactive oxygen species (ROS) and antibacterial proteins to eliminate the pathogen 
and engage in cellular interaction with macrophages, DCs, and natural killer cells (NKs) to 
modulate the innate and adaptive immune responses [6]. In the phase of inflammation, 
monocytes migrated from the blood to the skin tissue can differentiate into inflammatory 
DCs or macrophages [7]. Macrophages can display two distinct functional phenotypes: 
pro-inflammatory M1 macrophages (classically activated) and pro-wound healing M2 
macrophages (alternatively activated) [8]. M1 macrophages infiltrate wound and secrete 
pro-inflammatory	 factors	 such	 as	 interleukin	 6	 (IL-6),	 tumor	 necrosis	 factor-α	 (TNF-α)	
and ROS to phagocyte pathogens and continuously recruit immune cells [8]. Once the 
pathogen removal, the macrophages population transits into M2 macrophages and 
expresses	 elevated	 levels	 of	 pro-wound	 healing	 growth	 factors,	 such	 as	 TGF-β1,	 PDGF-
BB, and vascular endothelial growth factor (VEGF), which promote the migration and 
proliferation of fibroblasts, keratinocytes and endothelial cells to stimulate angiogenesis, 
re-epithelialization, and collagen deposition [9]. Continuous attempts have been made 
to develop novel wound dressing materials and bioactive substances aiming to promote 
wound healing by regulating the abovementioned biological events. 
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1Wound dressing materials

A skin wound dressing material refers to anything that is used in direct contact with a 
skin wound to promote its healing and prevent potential complications [10]. Conventional 
wound dressings to manage acute skin wounds in clinic include gauze, cotton, films, and 
bandages, which mainly function to provide physical protection against contamination 
and dehydration. However, these types of wound dressing materials may easily adhere to 
wounds after absorbing excessive wound exudates and, when being replaced, cause not 
only physical pain but also damage new, regenerative tissues, thereby hindering wound 
healing [11]. One alternative type of wound dressing is hydrocolloids that mainly consist 
of cross-linked gelatin, pectin, and carboxymethyl cellulose, which help to maintain a 
moist and exudate-free wound [12]. However, hydrocolloid dressings are occlusive so 
as to prevent oxygen and water from entering into the wound, thus impairing wound 
healing over longer period of time [13, 14]. Hydrogel dressings are made from hydrophilic, 
inflatable, and insoluble materials, which are mainly supplied as gel or film to maintain 
a moist environment for wound healing [14]. The disadvantage of hydrogels is their poor 
mechanical stability at a swollen state, and therefore, they usually need to be hybridized 
with other polymers to achieve more mechanical stability [15]. 

Biopolymers such as cellulose, alginate, chitosan, and hyaluronic acid (HA) are the major 
materials to make wound dressings due to their good biocompatibility and various pro-
healing	functions	[16].	Cellulose,	a	polysaccharide	comprised	of	β-1,4-glycosidic	linkages,	
exhibits hemostatic effect, good biocompatibility, antibacterial property and high water 
vapour transmission rate [17]. Furthermore, it may also increase vascularization and 
new, extracellular matrix formation, thereby promoting wound healing [17]. However, 
this material is too rigid to be easily applied to an uneven wound surface [18]. Alginates 
are	a	 linear	anionic	polysaccharide	 containing	 repeating	units	of	β-D-mannuronate	and	
α-L-guluronate,	which	have	high	absorbency	of	wound	exudates,	which	can	interact	with	
divalent cations such as calcium ions or magnesium ions so as to promote wound healing 
by providing an anchor for cell adhesion [19]. Chitosan is a linear copolymer polysaccharide 
consisting of N-acetyl-D-glucosamine and N-glucosamine, which has hemostatic 
properties and can provide an excellent environment for re-epithelialization and collagen 
deposition [20, 21]. However, apart from the physical protection, most of these materials 
do not intrinsically contain bioactive growth factors to significantly promote the healing 
of acute wounds. As a promising approach, extracellular matrix (ECM)-based materials 
that are made mainly from animal skin derma or small intestinal submucosa (SIS) through 
decellularization, maintain most acellular biological matrix materials such as collagen, 
laminin, and fibronectin to provide a suitable environment for the adhesion, migration, 
and proliferation of skin cells [22]. Most importantly, it also contains many bioactive 
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growth	 factors,	 such	 as	 VEGF,	 TGF-β1,	 fibroblastic	 growth	 factor-2	 (FGF-2),	 which	 can	
promote angiogenesis, collage deposition, and re-epithelialization during wound healing 
phases [23]. ECM-based materials such as acellular dermal matrix (ADM) and SIS have 
been commercialized and widely applied in clinics to manage acute skin wounds.

Acellular Dermal Matrix
ADM is a cell-free extracellular matrix (ECM), containing collagen bundles, elastic fibers, 
proteoglycans, and glycosaminoglycans (GAGs) [24]. ADM has good histocompatibility 
and low antigenicity. ADM has been shown to accelerate wound healing by promoting 
the adhesion, migration, proliferation, metabolism, differentiation, and survival of 
major skin cells through its various components [25]. For example, glycosaminoglycan 
peptides released from ADM can inhibit the recruitment of neutrophils to the site of 
inflammation and promote angiogenesis by stimulating nitric oxide production [26, 27]. 
ADM also contains a large amount of RGD peptide [24], which can promote the migration 
of fibroblasts through binding integrin on the cell membrane and activating cell-substrate 
interaction. 

Small Intestinal Submucosa
SIS is derived from the porcine small intestinal submucosa in a manner that removes all 
viable cells, and consists of collagen, glycosaminoglycans, proteoglycans, fibronectins, 
and	HA	[28]	as	well	as	various	of	active	growth	factors,	such	as	TGF-β,	epidermal	growth	
factor (EGF), and VEGF [29]. SIS has low antigenicity, good histocompatibility, and 
proper degradability. SIS bears low porosity and thus has a limited capacity for water to 
flow through, which may serve as a protective barrier to prevent wound bed dehydration 
[30, 31]. SIS can promote the proliferation, migration, and attachment of fibroblasts, 
keratinocytes, and endothelial cells in vitro [32, 33]. Although ECM-based materials 
like ADM and SIS possess excellent biological characteristics, their efficacy needs to 
be significantly improved to meet clinical demands for accelerating acute skin wound 
healing.

Bioactive substances

Bioactive substances that bear potent biological activities have been widely used, either 
alone or as additives, to significantly accelerate acute skin wound healing [34]. Bioactive 
substances to promote skin wound healing may include autologous bioactive substances 
(e.g. platelet-rich plasma (PRP)) and exogenous bioactive substances, such as proteineous 
growth factors (e.g. EGF) and peptides (e.g. defensins, histidine).
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1Platelet Rich Plasma, an autologous bioactive substance
PRP is an inherently safe, easily accessible and clinically available platelet concentrate 
derived from autologous blood [35]. Platelet activation and degranulation can release large 
amounts of bioactive factors, including growth factors and exosomes [35, 36]. The major 
growth	factors	in	PRP	include	PDGF,	TGF-β,	VEGF,	and	EGF,	which	stimulate	and	promote	
proliferation, migration, and adhesion of target cells, such as fibroblasts, epithelial cells, 
and endothelial cells [37-39]. PRP promotes the healing of various wound types, including 
acute wounds [40, 41]. In addition, exosomes derived from PRP can effectively induce 
proliferation and migration of endothelial cells and fibroblasts to improve angiogenesis 
and re-epithelialisation in skin wounds through activation of Yes-associated protein 
(YAP) signalling [36]. Furthermore, platelets in PRP can promote M2 polarization (anti-
inflammatory and pro-wound healing phenotype) of macrophages [42]. All these studies 
show a promising application of PRP to promote wound healing. However, the therapeutic 
efficacy of PRP in clinic seems still highly variable and controversial, which may be due 
to the fact that the quality of PRP is variable and largely dependent on the physiological 
conditions of patient’s blood, centrifuge methods, and type of reagents used to prepare 
PRP [43, 44]. 

Exogenous bioactive substances
Exogenous recombinant growth factors such as EGF, PDGF have been widely used in clinic 
to enhance skin wound healing. PDGF can promote the migration of macrophages and 
fibroblasts into the wound so as to increase collagen and ECM deposition and remodeling 
[45]. EGF has functions of promoting the proliferation and migration of fibroblasts and 
keratinocytes, thus enhancing reepithelialization [46]. However, the use of such growth 
factors is associated with high costs and potential side effects, such as high incidence of 
cancer, hyperplastic scars formation, and immunogenicity [47]. As alternatives, peptides 
are a unique class of bioactive agents to promote tissue regeneration [48]. In the human 
body, more than 7000 naturally occurring peptides have been identified as hormones, 
neurotransmitters, growth factors, ion channel ligands, or anti-infectives to regulate a 
large variety of physiological events [49, 50]. In contrast to proteineous growth factors, 
peptides can be chemically synthesized (such as solid phase peptide synthesis) with much 
higher efficiency, quantity, and purity [51, 52]. These properties confer peptides very 
promising potential for pharmaceutical application [53]. Over the past two decades, nearly 
60 peptides have been approved worldwide [54]. A global industry analysis on peptide 
therapeutics in 2016 has estimated the sales of peptide drugs at more than 70 billion USD 
in 2019 with a compound annual growth rate (CAGR) of 9.1% to 2024 [55]. 
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Hst1 and its derivatives
Histatin1 (Hst1), a major member of the higher primates’ saliva-derived histidine-
rich peptide family, is one of such promising bioactive agents that shows a promising 
application potential to promote acute skin wound healing [56]. Hst1 has shown a series 
of cell-activating properties, such as promotion of adhesion, spreading, migration, 
and cell-cell junction of epithelial cells [57, 58]. Thereafter, comparable effects have also 
been found on endothelial cells [59] and fibroblasts [60]. Our recent study shows that 
Hst1 directly activates cell functions through its subcellular targets [61]. All these results 
indicate a desirable bioactive agent of Hst1 in accelerating acute skin wound healing. On 
the other hand, in our previous study, we have identified a 13-amino acid minimal active 
domain of the 38-amino acid Hst1 (Hst1-MAD, amino acid sequence: SHREFPFYGDYGS), 
which shows a comparable efficacy in promoting the migration of epithelial cells [56]. 
The study from another group also indicates that Hst1-MAD is effective in promoting the 
migration of skin dermal fibroblasts [62]. Furthermore, Hst1-MAD shows significantly 
higher resistance to chronic wound extract-derived enzymatic degradation than Hst1 [62]. 
However, hitherto, the in-vivo effects of Hst1 and Hst1-MAD on the healing of acute skin 
wounds have rarely been investigated.

This situation inspired us to explore the feasibility and efficacy of administrating 
bioactive substances (PRP, Hst1, Hst1-MAD) without and with ADM or SIS to improve 
acute skin wound healing.
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1Aims and outline of the thesis

This thesis aims to:
1  Explore the effects of PRP, SIS, and their combination on acute full-thickness skin 

defects in mice.
2  Explore the effects of Hst1, ADM, and their combination on acute full-thickness skin 

defects in mice.
3  Evaluate the effects of Hst1 on the biological properties and function of fibroblasts in 

vivo and in vitro model.
4  Assess the therapeutic efficacy of Hst1-MAD on full-thickness skin defects in mice.
In chapter 2, we co-administrated PRP and SIS on full-thickness skin defects in mice 
to explore the effects of wound healing at different stages through evaluation of wound 
healing percentage, re-epithelialization, collagen production, angiogenesis, and 
inflammatory response.

In chapter 3, we explored the effects of Hst1 (at different concentrations), ADM paste, and 
their combination on full-thickness skin defects in mice to evaluate wound healing rate, 
re-epithelialization, collagen expression, angiogenesis and inflammatory response.

In chapter 4, we studied the regulation of Hst1 on the biological properties and function of 
fibroblasts in the process of wound healing by evaluating the wound healing percentage, 
collagen deposition, fibroblast distribution, and mTOR signaling pathway.

In chapter 5, we systematically assessed the therapeutic efficacy of Hst1-MAD in 
promoting acute skin wound healing in mice using Hst1 as the positive control by 
quantitatively evaluating wound closure, angiogenesis, re-epithelialization, collagen 
expression, inflammatory response, and oxidative stress.
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Abstract

Background: Acute skin wounds may compromise the skin’s barrier, posing a risk of 
infection. Small intestinal submucosa (SIS) is widely used to treat acute and chronic 
wounds. However, the efficacy of SIS to accelerate wound healing still needs to be 
improved to meet clinical demands. To tackle this problem, platelet-rich plasma (PRP) is 
used due to its potency to promote proliferation, migration and adhesion of target cells. 
In this study, we applied PRP and SIS to skin wounds to explore their effects on wound 
healing by evaluating re-epithelialisation, collagen production, angiogenesis and the 
inflammatory response. 

Methods: A 1 × 1 cm full-thickness skin defect was established in mice. Sixty mice were 
divided into four treatment groups: PRP + SIS, PRP, SIS, and control. On days 3, 5, 7, 10 
and 14 post-surgery, tissue specimens were harvested. Haematoxylin and eosin, Masson’s 
trichrome, immunohistochemical and immunofluorescence double staining were used to 
visualise epidermal thickness, collagen and vascular regeneration, and inflammation.

Results: Wound contraction in the PRP and PRP + SIS groups was significantly greater 
compared with that of the other groups on days 3 and 5 post-surgery. Histological analysis 
showed higher collagen expression in the PRP and PRP + SIS groups on day 7, which was 
associated with a thicker epidermal layer on day 14. In addition, immunohistochemical 
staining showed that CD31-positive blood vessels and vascular endothelial growth 
factor expression in the PRP + SIS and PRP groups were significantly higher compared 
with the control group. Furthermore, immunofluorescence double staining showed that 
the number of M1 and M2 macrophages in the PRP + SIS and PRP groups was higher 
compared with the control and SIS groups alone on day 3. However, on day 7, the number 
of M1 macrophages dramatically decreased in the PRP + SIS and PRP groups. The ratio of 
M2 to M1 macrophages in the PRP + SIS and PRP groups was 3.97- and 2.93-times that of 
the control group and 4.56- and 3.37-times that of the SIS group, respectively. 

Conclusion: Co-administration of SIS and PRP could be useful to manage acute wound 
healing. 

Keywords: Small intestinal submucosa, Platelet-rich plasma, Full-thickness skin defect, 
M1 macrophages, M2 macrophages, Animal model
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Background

The skin, as a protective barrier, plays an important role in retaining water, maintaining 
electrolytes and preventing the invasion of pathogens. The barrier function of the skin is 
compromised by acute skin wounds caused by trauma, surgical procedures and burns, 
which may lead to a series of complications, such as infection [1]. In patients with chronic 
diseases, such as diabetes mellitus, wounds fail to heal and can become chronic wounds. 
Therefore, it is important to accelerate wound healing and recover the structural integrity 
and functionality of the skin. 

Wound healing is a continuous pathophysiological process for tissue regeneration, which 
consists of four consecutive phases: 1) coagulation and haemostasis, 2) inflammation, 
3) proliferation and 4) wound remodeling [2]. Immediately after acute injury, platelets 
aggregation and blood clot formation at wound areas are triggered by the release of 
clotting factors [3]. Platelet activation can release growth factors, such as platelet-
derived	 growth	 factor	 (PDGF)	 and	 transforming	 growth	 factor-β1	 (TGF-β1),	 which	 act	
to stimulate wound healing by attracting and recruiting neutrophils, macrophages and 
endothelial cells [3, 4]. Macrophages are one of the main cell types that participate in 
inflammation and can be divided into two distinct phenotypes: 1) classically activated and 
pro-inflammatory M1 macrophages and 2) alternatively activated and anti-inflammatory 
M2 macrophages [5]. Within 3–5 days after injury, M1 macrophages infiltrate wound areas 
and phagocytose pathogens and senescent cells. M1 macrophages are typically associated 
with pro-inflammatory events, such as the production of interleukin-6 (IL-6) and tumour 
necrosis	 factor-α	 (TNF-α)	 [6].	 At	 5–7	 days	 after	 injury,	M1	macrophages	 transition	 into	
M2 macrophages, which gradually dominate wound sites [7]. M2 macrophages express 
high	 levels	 of	 TGF-β1	 and	 vascular	 endothelial	 growth	 factor-α	 (VEGF-α)	 to	 promote	
angiogenesis and re-epithelialisation. M2 macrophages also stimulate the synthesis and 
secretion of collagen fibres and matrix proteins from fibroblasts [8]. Continuous efforts 
have been made to develop new materials that target these biological events to promote 
healing of acute skin wounds. In recent years, biomaterials, bioactive factors and stem 
cells have shown promising prospects for wound healing.

One such material to promote skin wound healing is small intestinal submucosa (SIS), 
which is derived from the porcine small intestinal submucosa in a manner that removes 
all viable cells. SIS consists of collagens, glycosaminoglycans (GAGs), proteoglycans, 
fibronectins and hyaluronic acid [9], as well as a series of active growth factors, including 
TGF-β,	 epidermal	 growth	 factor	 (EGF),	 and	 VEGF	 [10].	 SIS	 has	 low	 antigenicity,	 good	
histocompatibility and proper degradability. SIS bears low porosity and thus has a limited 
capacity for water to flow through, which may serve as a protective barrier to prevent 
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wound bed dehydration [11, 12]. SIS can promote proliferation, migration and attachment 
of fibroblasts, keratinocytes and endothelial cells in vitro [13, 14]. SIS is also widely applied 
to treat various wound types in vivo [15, 16]. However, its efficacy in accelerating wound 
healing still needs to be improved to meet clinical demands [17]. Thus, it is essential to 
seek suitable bioactive agents to achieve a better therapeutic effect. 

Platelet-rich plasma (PRP) is an inherently safe and easily accessible platelet concentrate 
derived from autologous blood [18]. Platelet activation and degranulation can release 
large amounts of bioactive factors, including growth factors and exosomes [18, 19]. The 
major	growth	factors	in	PRP	are:	PDGF,	TGF-β,	VEGF,	EGF,	which	stimulate	and	promote	
the proliferation, migration, adhesion of target cells, such as fibroblasts, epithelial 
cells, endothelial cells [20-22]. PRP promotes healing of various wound types, including 
acute wounds [23, 24]. In addition, exosomes derived from PRP can effectively induce 
proliferation and migration of endothelial cells and fibroblasts to improve angiogenesis 
and re-epithelialization in chronic wounds. This occurs through activation of Yes-
associated protein (YAP) signaling [19]. Furthermore, platelets in PRP contain pro- and 
anti-inflammatory factors that participate in macrophage polarization [25]. However, 
proteases can cleave molecules, leading to rapid degradation of platelet-activating factors 
[26], and the administration of PRP liquid on wounds extremely gets losses. This situation 
inspired us to co-administer SIS and PRP, since SIS may provide a slow delivery system 
for PRP to exert a better effect on wound healing.

In the present study, a full-thickness skin defect model was established in mice. 
PRP and SIS were applied to skin wounds to explore the effects of wound healing at 
different stages. Wound healing percentage, re-epithelialisation, collagen production, 
angiogenesis and the inflammatory response were assessed. Our study aimed to explore 
effective treatments for wound healing and analyse the biological mechanisms to provide 
a beneficial reference for clinical application.

Methods

PRP/SIS preparation
PRP was prepared from an autologous blood sample voluntarily provided by a healthy 
adult (female, aged 26 years) at the General Hospital of Southern Theatre Command. 
The platelet concentration of whole blood was 191 × 109 /L. Blood was centrifuged for 
10 minutes at 600 g to collect the plasma derived from the upper and middle layers. 
Subsequently, plasma was centrifuged again for 20 minutes at 1500 g. The upper platelet-
deficient plasma layer was separated, and the remaining PRP layer was activated using 
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10% calcium gluconate (clinical use) at a ratio of 9:1 (v/v). The platelet concentration of PRP 
was 887 × 109 /L.

SIS powder was obtained from Guangzhou Sinoregen Medical Materials Co., Ltd. 
(Guangzhou, China). Before application, SIS powder was thoroughly mixed with PRP and 
0.9% NaCl at a volume ratio of 1:1 (v/v) through three-way pipes (B. Braun Inc., Melsungen, 
Germany) and formed into a paste. The four treatment groups were as follows: G1 (no PRP, 
no SIS); G2 (PRP alone); G3 (SIS alone); G4 (SIS + PRP).

Acute in-vivo wound model
Sixty male C57 mice aged 6–8 weeks and weighing 22–28 g were obtained from the 
Animal Research Centre of Guangdong (Guangzhou, China). The animal experiment 
was approved by the Animal Care Committee of General Hospital of Southern Theatre 
Command (animal ethics approval number: 2018030601). 

First, 1% pentobarbital sodium (5 ml/kg) was administered to mice via intraperitoneal 
injection to induce anaesthesia. After induction of anaesthesia, the dorsal hair of mice 
was shaven and sterilised with iodophor. A 1 × 1 cm full-thickness skin defect in the dorsal 
area of each mouse was made using a square punch biopsy instrument. Four treatments 
were randomly applied to the wounds, and each wound was treated with a 0.5 ml dose 
of the respective treatment each day. On days 3, 5, 7, 10 and 14 post-surgery, three mice 
were randomly sacrificed from each group at each time point, and tissue specimens were 
harvested. 

Wound contraction 
On days 0, 3, 5, 7, 10 and 14 post-surgery, wounds were photographed with a  Nikon digital 
camera (Tokyo, Japan), and the wound area was measured using Image J software. Wound 
contraction (%) was calculated according to the following formula: wound contraction (%) 
= [(A0 −	Ax) ÷ A0] × 100%, where A0 represents the initial wound area and At represents the 
wound area at each time point [27].

Histological staining
Hematoxylin and eosin (H&E) staining
Tissue specimens were fixed in 4% paraformaldehyde for 48 hours and dehydrated step 
by step in a dehydrator (JJ-12 J; Junjie Electronics Inc., Wuhan, China). Subsequently, 
samples	were	 embedded,	 sliced	 to	 a	 thickness	 of	 4	 μm,	 and	dried	 in	 an	 oven	 (Shanghai	
Huitai Instrument Manufacturing Co., Ltd., Shanghai, China) at 65°C for 2 hours. Sections 
were stained with H&E and photographed using an electron microscope (Olympus BX51; 
Olympus, Hamburg, Germany). The re-epithelialised area and length were measured and 
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analysed using Image J software. The epithelial thickness was calculated by epithelial area 
÷ epithelial length. Five tissue sections in each group were selected to calculate mean ± 
standard deviation.

Masson’s trichrome staining
Tissue specimens were dehydrated and stained in sequence with haematoxylin (G1004; 
ServiceBio Inc., Boston, MA) for 5 minutes, ponceau-acid fuchsin solution (G2011; 
ServiceBio Inc.) for 5 minutes, 1% phosphomolybdic acid for 2 minutes and aniline blue 
(G1071; ServiceBio Inc.) for 5 minutes, and subsequently dehydrated and sealed. Stained 
sections were photographed using a microscope, and collagen expression was analysed 
using Image-Pro Plus. The positive expression level of new collagen fibres was calculated 
according to the following formula: mean optical density (MOD) = IOD sum ÷ area sum.

Immunohistochemistry
Sections were deparaffinised and blocked in 3% hydrogen peroxide solution for 10 minutes 
at room temperature. After rinsing in phosphate-buffered saline, sections were incubated 
overnight at 4°C with antibodies, including rabbit-anti platelet endothelial cell adhesion 
molecule-1 (CD31) (GB13063, 1:300; Servicebio Inc.) and mouse-anti VEGF (MA5-13182, 
1:100; Thermo Fisher Scientific Co., Ltd, California, USA). Correspondingly, sections 
were incubated with secondary goat anti-mouse (G1214, 1:200; ServiceBio Inc.) or goat 
anti-rabbit (G1213, 1:200; ServiceBio Inc.) antibodies at 37°C for 50 minutes and detected 
with	 3,	 3′-diaminobenzidine	 tetrahydrochloride	 (DAB)	 solution	 (G1211;	 ServiceBio	 Inc.)	
for 10 minutes. Nuclei were stained with haematoxylin. All sections were photographed 
with a microscope, and the area and integrated option density (IOD) of VEGF expression 
were analysed using Image-Pro Plus software. VEGF expression was calculated according 
to the following formula: MOD = IOD sum ÷ area sum. CD31-positive blood vessels were 
quantified using Image-Pro Plus software with blind tests. Images from five sections in 
each group and from five different fields in each section were submitted to Image-Pro 
Plus software, and the average value of positive results was automatically counted and 
calculated. 

Immunofluorescence
Immunofluorescence double staining was performed to identify M1 and M2 macrophages 
[28]. Tissue sections were incubated overnight at 4°C with antibodies against cluster of 
differentiation 68 (CD68) (GB11067, 1:300; Servicebio Inc.), cluster of differentiation 
80 (CD80) (GB11034, 1:300; Servicebio Inc.), and cluster of differentiation 206 (CD206) 
(GB11062, 1:500; Servicebio Inc.). Correspondingly, sections were incubated with secondary 
horseradish peroxidase donkey anti-rabbit IgG antibodies (ab150075, 1:2000; Abcam 
Trade Co., Ltd., Shanghai, China), and nuclei were stained with DAPI (G1012; Google 
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Biotechnology Co., Ltd., Wuhan, China) for 10 minutes. Stained sections were observed 
and photographed using a fluorescence microscope (Nikon Eclipse TI-SR; Nikon, Tokyo, 
Japan). M1 (CD68-positive  and CD80-positive) and M2 (CD68-positive and CD206-
positive) macrophages were automatically counted and analysed using Image-Pro Plus.

Statistical analysis
SPSS software was used to detect significant differences. All quantitative results are 
expressed as mean ± standard deviation. Data were analysed using one-way analysis of 
variance and Bonferroni tests. A P value of < 0.05 was considered statistically significant.

Results

Effects of PRP, SIS, and PRP + SIS on acute wound contraction 
At all selected time points (3, 5, 7 and 10 days post-surgery), wound contraction in the 
SIS group was similar to the control group (Fig. 1a). 3 and 5 days post-surgery, the closed 
wound areas in the PRP and PRP + SIS groups was significantly more pronounced 
compared with the SIS and control groups (Fig. 1a). On days 3, 7 and 10, the closed wound 
area in the PRP + SIS group was the most pronounced among the four groups, while PRP 
showed a superior efficacy only on day 5 (Fig. 1b).

Fig. 1 3, 5, 7 and 10 days after treatment, the dynamic changes of wound area in four groups. (a) Representative images of 
acute wounds showed that the wounds treated by platelet-rich plasma (PRP) alone and PRP+ small intestinal submucosa 
(SIS) presented a smaller wound area compared to the control and SIS alone; (b) The wound contraction (%) in each treatment 
group. On days 3, 7 and 10, the healing percentage of the wounds treated by PRP+SIS was higher compared to the control, SIS 
alone and PRP alone, while PRP showed a superior efficacy on day 5. Data were presented as mean ± standard deviation (SD). 
§: The PRP group and PRP + SIS group vs the control group; *: The PRP group and PRP + SIS group vs the SIS group (P < 0.05).
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Effects of PRP, SIS, and PRP + SIS on re-epithelialisation and collagen 
expression
H&E and Masson’s trichrome staining were performed to evaluate the effects of PRP + SIS 
on re-epithelialisation (Fig. 2a) and collagen expression (Fig. 3a), respectively. Fourteen 
days post-surgery, a quantitative analysis showed that the average thickness of the newly 
formed epidermal layers in the PRP + SIS group and the PRP group was significantly 
greater compared with the SIS group and the control group (Fig. 2b), while no difference 
was found between the two PRP groups.

Fig. 2 Histological evaluation of epidermal thickness at wound sites. (a) 14 days post-surgery, the cell layers of newly 
formed epidermal in the PRP group and the PRP+SIS group was thicker than those in the control group and SIS group. 
The yellow curve showed the epidermal regeneration area. The scale bar=500 μm; (b) Quantitative analysis showed that 
the treatment with PRP and PRP+SIS was associated with the highest thickness of newly formed epidermal layer. +: the 
presence of the treatment ; -: the absence of the treatment; §: The PRP group and PRP + SIS group vs the control group; 
*: The PRP group and PRP + SIS group vs the SIS group (P < 0.05).
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Collagen expression was analysed on day 7 post-surgery at wound sites. Treatment with 
PRP + SIS was associated with the highest collagen expression, which was followed 
by treatment with PRP alone (Fig. 3b). In contrast, the SIS group showed a similar 
collagen expression to the control group. Collagen expression in the PRP + SIS group was 
significantly higher compared with the SIS group and the control group, while the PRP 
group was not significantly different when compared with the SIS and control groups. 
There was no significant difference between PRP + SIS and PRP alone.

Fig. 3 Masson staining evaluation of collagen fibers deposited at the wound sites. (a) 7 days post-surgery, the collagen 
fibers in the PRP + SIS group deposited massively. Blue represented the positive expression. The scare bar =100 μm; (b) 
Quantitative analysis showed that collagen expression level in the PRP+SIS group was significantly higher compared 
with the other groups, while either SIS or control did not significantly influence collagen expression. §: The PRP + SIS 
group vs the control group; *: The PRP + SIS group vs the SIS group (P < 0.05).
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Effects of PRP, SIS, and PRP + SIS on angiogenesis
To evaluate the effects of PRP, SIS, and PRP + SIS on angiogenesis, immunohistochemical 
staining was conducted to detect VEGF as a marker of angiogenesis (Fig. 4a) and CD31 
as a vascular endothelial cell marker (Fig. 5a). On day 14 post-surgery, CD31-positive 
blood vessels in the PRP + SIS group and in the PRP group were 2.80- and 2.53-times 
more abundant compared with the control group, and 2.00- and 1.81-times that of the 
SIS group, respectively, while no significant difference in the number of CD31-positive 
blood vessels was found between the PRP + SIS and PRP groups (Fig. 4b). On day 14 post-
surgery, VEGF expression in the PRP + SIS group was significantly higher compared with 
the control group, while the PRP group and the SIS group were not significantly different 
compared with the control group (Fig. 5b).

Effects of PRP, SIS, and PRP + SIS on macrophage polarisation
To investigate the effect of PRP + SIS on macrophage polarisation at wound sites, M1 
(CD68 and CD80) and M2 (CD68 and CD206) macrophages [29] were stained on days 3 and 
7 post-surgery. Three days post-surgery, the number of M1 macrophages in the PRP + SIS 
group (22.3 ± 6.6) and in the PRP group (19.7 ± 3.5) was higher compared with the control 
(10.7 ± 3.1) and SIS (11.7 ± 3.1) groups, while there was no significant difference among all 
groups (Fig. 6c). On day 7 post-surgery, the number of M1 macrophages in the SIS group 
and control group mildly decreased. In contrast, the number of M1 macrophages in the 
PRP + SIS group and in the PRP group significantly decreased to a similar level to the SIS 
group and the control group (Fig. 6c). 

Three days post-surgery, the number of M2 macrophages in the PRP + SIS group (53.7 ± 
14.4) and the PRP group (52.3 ± 18.3) was significantly higher compared with the control 
(17.0 ± 4.0) and SIS (19.3 ± 4.2) groups (Fig. 6d). Seven days post-surgery, the number of 
M2 macrophages in the four groups decreased, while the number of M2 macrophages in 
the PRP + SIS group (25.3 ± 5.5) and in the PRP group (23.3 ± 5.7) was still significantly 
greater compared with the control (8.7 ± 1.5) and SIS (9.3 ± 4.9) groups (Fig. 6d). On 
days 3 and 7, the number of M2 macrophages in the PRP + SIS group was mildly higher 
compared with the PRP group, and no significant difference was observed between the 
two PRP groups.

Three days post-surgery, the ratio of M2 to M1 macrophages in the PRP + SIS group (2.45 
± 0.4) and in the PRP group (2.62 ± 0.3) was significantly higher compared with the SIS 
(1.7 ± 0.1) and control (1.6 ± 0.1) groups (Fig. 6e). On day 7 post-surgery, the ratio of M2 to 
M1 macrophages in the PRP + SIS group and the PRP group increased dramatically and 
was 3.97- and 2.93-times that of the control group and 4.56- and 3.37-times that of the SIS 
group (Fig. 6e). 
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Fig. 4 Immunohistochemical evaluation of endothelial cell adhesion molecule-1 (CD31)-positive blood vessels at wound 
sites. (a) 14 days post-surgery, the CD31-positive blood vessels per microscopic field in the PRP + SIS group and the PRP group 
were 2.80 and 2.53 times that of the control, and 2.00 and 1.81 times that of the SIS alone as shown in green arrows, 
respectively. The scale bar = 50 μm; (b) Quantitative analysis showed that the PRP + SIS group presented a higher number of 
new blood vessels compared with the other groups. §: The PRP + SIS group vs the control group (P < 0.05).

Fig. 5 Immunohistochemical evaluation of angiogenic marker vascular endothelial growth factor (VEGF) expression level. 
(a) 14 days post-surgery, the positive expression level of VEGF in the PRP + SIS group was higher as shown in green arrows. 
The scale bar = 50 μm. (b) Quantitative analysis showed that the VEGF expression in the PRP + SIS group was significantly 
higher compared with the control group and SIS group. §: The PRP + SIS group vs the control group (P < 0.05).
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Fig. 6 Immunofluorescence double staining of M1 and M2 macrophages at the wound sites. (a) and (b) Representative 
images of M1 macrophages ( CD68 red color; CD80 green color; nuclei blue color) and M2 macrophages ( CD68 red 
color; CD206 green color; nuclei blue color) on day 3 post-surgery as shown in yellow arrows. (c) and (d) The changes of 
cell counting of M1 and M2 macrophages in four groups. On day 3 post-surgery, quantitative analysis showed that the 
number of M1 and M2 macrophages in the PRP + SIS group and the PRP group was higher compared to the control and 
SIS alone. On day 7, the number of M1 macrophages dramatically decreased in the PRP + SIS group and PRP group and 
the number of M2 macrophages in the PRP + SIS group and the PRP group were significantly yet higher compared to 
the control and SIS alone. (e) The ratio of M2 to M1 macrophages in the PRP + SIS group and PRP group was significantly 
higher compared to the SIS alone and control on day 3 and 7. §: The PRP group and PRP + SIS group vs the control group; 
*: The PRP group and PRP + SIS group vs the SIS group (P < 0.05).
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Discussion

The primary function of the skin is to serve as a protective barrier against the damage 
from the external environment. Once damage to the skin occurs, the barrier loses its 
protection function [30]. It is essential to accelerate wound healing to rapidly reconstruct 
damaged skin tissue and restore its structural and functional integrity. Our results show 
that wound contraction was significantly greater with PRP + SIS treatment compared 
with the control intervention or SIS alone. Thus, co-administration of PRP and SIS is 
more beneficial than their individual usage in promoting acute skin wound healing. 

A desirable wound dressing should be developed to promote wound healing. With burns, 
degloving injuries and chronic wounds, the dermal extracellular matrix (ECM) may 
be completely absent. SIS, as a biologically derived ECM material that contains major 
dermal matrix components, has been widely applied to treat acute and chronic wounds by 
promoting proliferation, migration and attachment of various skin cells [16, 31]. However, 
an animal study showed that addition of SIS does not significantly promote wound 
closure in acute full-thickness wounds in dogs when compared with controls animals 
[32]. Our study confirmed that SIS alone was not associated    Therefore, optimising 
the efficacy of wound healing is of paramount importance. PRP is clinically proven 
to be safe and effective for wound healing [33], but no evidence of its efficacy has been 
clearly elucidated. One study showed that the effect of PRP is weak due to its short half-
life, and local administration should be repeated to achieve wound healing [34, 35]. To 
overcome this limitation, we applied both PRP and SIS to acute wounds, which resulted 
in significantly greater wound contraction compared with SIS alone and compared with 
the control intervention 3 days post-surgery. Such a beneficial effect may be attributed 
to a host of powerful mitogenic and chemotactic growth factors in PRP. All types of skin 
cell involved in wound repair are sensitive to growth factors [36, 37], which promote 
proliferation, migration and adhesion of target cells, such as fibroblasts, epithelial cells 
and endothelial cells [22, 38]. Furthermore, SIS may serve as a slow release system for PRP 
to decelerate its degradation.

In this study, we hypothesised that co-administration of SIS and PRP might achieve 
better wound healing than application of either agent alone. Considering that the 
bioactive factors in PRP degrade easily [35], SIS may serve as a slow release system for 
PRP. Furthermore, the bioactive agents in PRP may contribute to better wound healing. 
In our study, co-administration of PRP and SIS yielded a significantly better effect on 
wound contraction, which supports our hypothesis. However, ideal healing not only 
focuses on promoting the speed of wound healing, but also improves skin aesthetics and 
functionality.
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In the process of wound healing, it is essential to accelerate the formation of new 
epidermis and to avoid pathogenic invasion and dehydration. Epidermal cells and 
keratinocytes migrating from the wound margin undergo a proliferative burst to replace 
those defected cell layers [39]. Once the wound surface has been covered by a monolayer of 
keratinocytes, the process of epidermal migration creases and a new stratified epidermis 
with underlying basal lamina is re-established [39]. Approximately 1 week after injury, 
fibroblasts have completely infiltrated into the wound, which are mainly mediated by 
TGF-β1	 and	 PDGF	 to	 synthesise	 and	 remodel	 new	 collagen	 [40].	 Our	 results	 show	 that	
co-administration of SIS and PRP was associated with a significantly greater epidermal 
thickness and higher collagen expression compared with the control and SIS groups, 
while PRP alone only showed a superior effect in promoting epidermis formation. These 
results demonstrate that co-administration of SIS and PRP efficaciously stimulated 
proliferation and migration of skin cells, as well as potentiated their functionality. Such 
an	effect	may	be	primarily	attributed	to	growth	factors,	including	EGF	and	TGF-β1,	in	PRP	
and SIS, which promote proliferation, migration and adhesion of skin cells to enhance 
re-epithelialisation and collagen systhesis [41, 42]. In addition, the wound healing 
property of exosomes released from PRP is induced by promoting proliferation and re-
epithelialization of fibroblasts through YAP activation [19].

New blood vessel formation takes place during all phases of wound healing to provide a 
desirable microenvironment for cell growth. A variety of cells, such as endothelial cells and 
macrophages,	as	well	as	angiogenic	factors,	such	as	TGF-β1	and	VEGF,	are	involved	in	the	
process of angiogenesis [43, 44]. In vitro, VEGF is a highly specific mitogen that inhibits 
endothelial cell apoptosis, promotes endothelial cell proliferation and increases vascular 
permeability [45]. In this study, co-administration of SIS and PRP yielded the greatest 
number of CD31-positive blood vessels and showed the highest VEGF expression, which 
was followed by PRP alone. In contrast, neither SIS alone nor the control intervention 
promoted angiogenesis. Mechanistically, PRP has direct proliferation-inducing effects 
on endothelial cells through activation of the phosphatidylinositol 3-kinase (PI3K)/Akt 
and Erk pathways [19]. Furthermore, presence of VEGF in the SIS ECM induced tube 
formation of human microvascular endothelial cells in a three-dimensional fibrin-based 
angiogenesis assay [46].

Cellular inflammation is divided into two separate phases: the early inflammatory phase 
and the late inflammatory phase. Cellular inflammation aims to establish an immune 
barrier against invading pathogenic organisms and phagocytose matrix debris [47]. 
Within 24–36 hours after injury, neutrophils and monocytes are attracted to the wound 
site, which is mediated by chemo-attractive agents released by platelets, to phagocytose 
bacteria and necrotic tissue [48]. Around 48–72 hours after injury, macrophages appear 
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in the wound and regulate proliferation. Wound-associated macrophages are divided 
into classically activated M1 macrophages and alternatively activated M2 macrophages 
[47], which increase until day 2 to reach around 3000 cells per wound. This remains stable 
until day 5 and progressively decreases to steady-state levels by day 14 [49]. In the early 
inflammatory phase, M1 pro-inflammatory macrophages are attracted to the wound site 
to	 produce	 pro-inflammatory	 cytokines,	 including	 IL-6,	 TNF-α	 and	 other	 stimulators	
that accelerate the initial stages of wound healing [50]. In our study, the number of M1 
macrophages in the PRP + SIS group and in the PRP group was higher compared with the 
control and SIS groups at day 3 post-surgery. Remarkably, activated platelets in PRP induce 
pro-inflammatory	 signalling	by	 synthesising	 IL-1β	 [51],	 and	CD40	 ligands	 released	 from	
platelets can bind to CD40 on macrophages, endothelial cells and fibroblasts, inducing 
inflammatory events [52]. However, failure to transition from the M1 phenotype to the 
M2	 phenotype	 can	 lead	 to	 a	 continuously	 negative	 inflammatory	 response	 and	 delayed	
wound healing [53]. To approach this problem, it is essential to promote the transition 
of M1 macrophages into M2 macrophages, which are typically anti-inflammatory and can 
secrete	anti-inflammatory	cytokines,	such	as	TGF-β1	and	VEGF-α,	which	induce	fibroblast	
and endothelial cell proliferation [54]. In the late inflammatory phase, fibroblasts and 
endothelial cells are responsible for collagen production and angiogenesis in the wound. 
Our study showed that the number of M1 macrophages dramatically decreased in the 
PRP + SIS group and in the PRP group on day 7 post-surgery, while treatment with SIS 
alone and with the control intervention did not. In addition, our study also showed that 
the ratio of M2 to M1 macrophages in the PRP + SIS group and PRP group was 3.97- and 
2.93-times that of the control group, and 4.56- and 3.37-times that of the SIS group on 
day 7. Such effects may be attributed to platelet microparticles in PRP, which have the 
potential to differentiate monocytes into M2 macrophages [55]. Platelet microparticles 
activated	 by	 calcium	 can	 decrease	 TNF-α	 release	 and	 show	 low	 expression	 of	 CD40L,	
which binds to CD40 on macrophages to induce inflammatory events [56]. Furthermore, 
PRP can increase the expression of CD206, CD163 and CD86, as well as increase IL-10 
production, all of which are M2 tissue-repair macrophage-related markers [57]. 

Our study has several limitations. First, the difference in key parameters between PRP 
and PRP + SIS was minimal. One possible explanation might be that GAGs in SIS that 
bind chemokines and growth factors may provide a delivery system for PRP to exert a 
slow and persistent effect. However, healing of acute wounds in mice is short-term due to 
self-healing. Moreover, no significant difference was found between PRP and PRP + SIS. 
Chronic wounds and large soft tissue defects may be better models to explore the effect of 
co-administrated PRP and SIS. Second, the PRP preparation and treatment method were 
not standardised, which may have led to biased efficiency.
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Conclusion
In conclusion, co-application of SIS and PRP to acute wounds achieves a desirable effect 
on modulating the macrophage immune response. In addition, co-application of SIS and 
PRP can accelerate wound healing by promoting angiogenesis, re-epithelialisation, and 
collagen production, as well as facilitating the transition of M1 into M2 macrophages. 
This is a promising strategy to manage acute wound healing. Further evaluation should 
be performed in pig models, which have similar skin to humans and heal through 
physiologically similar processes [58].
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Abstract

A rapid wound healing is beneficial for not only recovering aesthetics but also reducing 
pain, complications and healthcare burdens. For such a purpose, continuous efforts have 
been taken to develop viable dressing material. Acellular dermal matrix (ADM) paste 
has been used to repair burn wounds and is shown to promote angiogenesis as well as 
fibroblast attachment and migration. However, its efficacy still needs to be significantly 
improved to meet clinical demands for accelerating acute skin wound healing. To approach 
this problem, we studied the added value of a human salivary peptide — Histatin1 (Hst1). 
Hst1 was chosen because of its potency to promote the adhesion, spreading, migration, 
metabolic activity and cell-cell junction of major skin cells and endothelial cells. In this 
study, we hypothesized that ADM paste and Hst1 showed a better effect on the healing 
of surgically-created acute skin wounds in mice since ADM paste may act as a slow 
release	 system	 for	Hst1.	Our	 results	 showed	 that	 the	 healing	 efficacy	 of	 10	 μM	 topically	
administrated Hst1 was significantly higher compared to the control (no Hst1, no ADM) 
from day 3 to day 10 post-surgery. In contrast, ADM alone failed in our system at all time 
points. Also, the combination of ADM paste and Hst1 did not show a better effect on 
percentage	of	wound	healing.	Histological	analysis	showed	that	10	μM	Hst1	was	associated	
with maximal thickness of newly formed epidermal layer on day 7 as well as the largest 
collagen area on day 14. In addition, immunohistochemical staining showed that the 
number	of	CD31-positive	blood	vessels	in	the	group	of	10	μM	Hst1	was	2.3	times	compared	
to the control. The vascular endothelial growth factor (VEGF) expression in the groups of 
10	μM	Hst1	group	and	ADM	+	10	μM	Hst1	group	was	significantly	higher	compared	with	
the	 control	 group.	 Furthermore,	 10	 μM	 Hst1	 group	 was	 associated	 with	 significantly	
lower	 levels	of	CD68-positive	macrophage	number,	 interleukin-1β	 (IL-1β)	expression	and	
C-reactive protein (CRP) expression than those of the other groups (control, ADM alone 
and	ADM	+	 10	 μM	Hst1).	 In	 contrast,	 ADM	was	 only	 associated	with	 significantly	 lower	
CD68-positive	macrophage	number	and	IL-1β	expression	in	comparison	with	the	control.	
The co-administration of Hst1 and ADM paste did not yield more beneficial effects than 
Hst1	alone.	In	conclusion,	the	topically	administrated	of	10	μM	Hst1	could	be	a	promising	
alternative dressing in managing acute wound healing.

Keywords: Histatin1, Acellular dermal matrix, Acute wound, Inflammatory response, 
Angiogenesis, Animal model.
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Introduction

Acute skin wounds may be caused by trauma, burns, lacerations or abrasions and surgery. 
There	 is	 an	 increasing	 demand	 in	 clinic	 to	 accelerate	 wound	 healing	 in	 order	 to	 rapidly	
recover aesthetics as well as reduce pain, potential complications and healthcare burdens [1]. 
In general terms, the process of wound healing can be divided into four consecutive phases: 
vascular	response,	inflammatory	response,	proliferation	and	maturation	[2].	Right	after	acute	
injury, exposure of wounds to air initiates clotting processes that are mediated by platelet 
aggregation and coagulation cascades. In turn, the activation of clotting factors stimulates 
the	release	of	pro-inflammatory	mediators,	such	as	TNF-α	(tumor	necrosis	factor-α)	and	IL-
1β	(interleukin-1β)	so	as	to	recruit	 inflammatory	cells,	such	as	neutrophils	and	macrophages	
[3].	 Macrophages	 can	 display	 two	 different	 functional	 phenotypes,	 such	 as	 M1	 (classically	
activated) and M2 macrophages (alternatively activated) [4-5], both of which play important 
roles	in	wound	healing	process	in	different	ways.	As	early	as	day	1	after	injury,	M1	macrophages	
infiltrate	into	wounds	areas	and	direct	host-defense	against	pathogens	through	phagocytosis	
and	secreting	pro-inflammatory	cytokines	such	as	TNF-α,	IL-1β,	IL-6	(interleukin-6)	[6],	while	
M2	macrophages	are	responsible	to	pacify	inflammation	and	activate	tissue	repair.	At	48	and	
72	 hours	 after	 injury,	 M1	 macrophages	 transit	 to	 M2	macrophages	 and	 secrete	 a	 series	 of	
growth	factors	including	TGF-β1	(transfer	growth	factor-β1)	and	VEGF-α	(vascular	endothelial	
growth	 factor-α),	 which	 promote	 angiogenesis	 and	 re-epithelialization	 [7-8].	These	 growth	
factors	 also	 stimulate	 the	 synthesis	 and	 secretion	 of	 large	 amounts	 of	 collagen	 fibers	 and	
matrix	 components	by	fibroblasts	 to	 form	connective	 tissues	 [9].	Continuous	attempts	have	
been made to develop suitable wound dressings to accelerate wound healing by targeting and 
stimulating the abovementioned biological events. 

One viable wound dressing material in clinic is acellular dermal matrix (ADM) [10-11]. ADM is 
a	cell-free	extracellular	matrix	(ECM),	containing	collagen	bundles,	elastic	fibers,	proteoglycan	
and glycosaminoglycan [12]. ADM has good histocompatibility and low antigenicity. ADM is 
shown to accelerate wound healing by promoting the adhesion, migration, proliferation, 
metabolism,	 differentiation	 and	 survival	 of	 major	 skin	 cells	 [13]	 through	 its	 various	
components. For example, glycosaminoglycan peptide released from ADM can inhibit 
the	 recruitment	 of	 neutrophils	 to	 the	 site	 of	 inflammation	 and	 promote	 angiogenesis	 by	
stimulating nitric oxide production [14-15]. ADM also contains a large amount of RGD peptide 
(Arg-Gly-Asp)	[12],	which	can	promote	the	migration	of	fibroblasts	through	binding	integrin	
on	 cell	 membrane	 and	 activating	 cell-substrate	 interaction	 [16].	 However,	 its	 efficacy	 still	
needs	to	be	significantly	improved	to	meet	clinical	demands	for	accelerating	acute	skin	wound	
healing. Consequently, in order to increase treatment of success, it is of utmost importance to 
seek for novel bioactive agents that promote wound healing.
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Histatin1 (Hst1) is a major member of higher primates’ saliva-derived histidine-rich 
peptide family and shows a promising application potential to promote skin wound 
healing [17]. Hst1 has been shown to promote the adhesion, spreading, migration and cell-
cell junction of epithelial cells [18-20] on both bioactive [19] and bio-inert surfaces [20]. 
Comparable effects are found on endothelial cells and fibroblasts [19, 21]. Our recent study 
shows that the underlying mechanisms for Hst1’s effects are highly different from ADM: 
Hst1 directly activates cell functions through its subcellular targets [22]. The promoting 
effects of Hst1 on angiogenesis seem to be mediated by the Ras and Rab interactor 2 (RIN2) 
/ Rab5/ Rac1 signaling axis [21]. A recent in-vivo study corroborates that Hst1 can promote 
skin wound healing by promoting cell migration and angiogenesis [23]. However, Hst1 may 
be easily degraded by enzymes when applied to wound surface [24]. These characteristics 
inspired us to co-administrate ADM paste and Hst1 since ADM paste might provide a slow 
delivery system so as to potentiate the wound-healing efficacy of Hst1. Furthermore, ADM 
and Hst1 take effects via different signaling pathways, which may compensate each other, 
yielding a better effect. We hypothesized that the co-administrated ADM paste and Hst1 
might yield a better effect on the healing of acute wounds in mice since ADM paste might 
provide a slow release system for Hst1. 

In this study, we explored the effects of Hst1 (at different concentrations), ADM paste and 
their combination on full-thickness skin defects in mice to evaluate wound healing rate, 
re-epithelialization, collagen expression, angiogenesis and inflammatory response.

Materials and methods

Hst1/ADM preparation
The	Hst1	 (≥	 95%	 purity)	was	 synthesized	 and	 supplied	 by	 the	manufacturer	 (SynPeptide	
Co., Ltd., Nanjing, China). Hst1 was dissolved in 1 ml 0.9% NaCl to form Hst1 solutions 
with	 final	 concentrations	 of	 1	 μM,	 10	 μM	 and	 50	 μM.	 The	 ADM	 (Jiangsu	 Unitrump	
Biomedical Technology Co., Ltd., Nanjing, China) is an enzymatically-digested product in 
a	form	of	ultrafine	powder	with	an	average	particle	size	at	33.4	μm	[25].	Before	application,	
ADM powder was mixed with different concentrations of Hst1 at a volume ratio of 1:1 (v/v) 
through three-way pipes for 1 h, forming into pastes. To ensure consistency of treatment, 
we mixed granular ADM with 0.9% NaCl to obtain ADM paste. The treatments were 
divided into eight groups as follows: 

G1: no Hst1, no ADM;
G2: ADM alone;
G3:	1	μM	Hst1	alone;
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G4:	10	μM	Hst1	alone;
G5:	50	μM	Hst1	alone;
G6:	ADM	+	1	μM	Hst1;
G7:	ADM	+	10	μM	Hst1;
G8:	ADM	+	50	μM	Hst1.

Acute wound model in vivo
A total of 48 male C57 mice, aging 6-8 weeks, weighing 22-28 g was purchased from the 
Animal Research Center of Guangdong (Guangzhou, China). The usage of these animals 
was approved by the Animal Care Committee of General Hospital of Southern Theater 
Command. The animal ethics approval number was 2019051701. 

Briefly, dorsal hair of the mice was carefully shaved-off and sterilized with iodophor. 
Animal anesthesia was achieved with an intraperitoneal injection of 1% pentobarbital 
sodium (5 ml/kg). After anesthesia, a rounded, full-thickness, 1 cm acute wound was 
made by an impression with a punch biopsy instrument in the dorsal area of each mouse, 
followed by excising of the full-thickness skin. Eight different treatments were assigned 
to the wounds randomly, and each wound was treated with a 0.5 ml dose every other day 
until complete healing. The wounds were photographed on days 0, 3, 5, 7, 10, 14 post-
surgery. On days 7 and 14, three mice were randomly sacrificed from each group at each 
time point and took wound tissues to do the detection.

Wound healing rate
On days 0, 3, 5, 7, 10 and 14 post-surgery, the wounds were photographed with a Nikon 
digital camera and the wound area measured by Image J software. A1 represented the 
original wound area. AX represented the wound area at each time point post-surgery. The 
percentage of wound healing over time was calculated using the formula: percentage of 
wound	healing	(%)	=	[(A1	−	AX)	/	A1]	×	100%.

Hematoxylin and eosin (H&E) staining
The wound tissues were fixed in 4% paraformaldehyde for 48 hours, dehydrated with 
gradient alcohol and subsequently embedded in paraffin with an embedding machine 
(JB-P5;	 Junjie	Electronics	 Inc.,	Wuhan,	CN)	and	sliced	 in	a	 thickness	of	4	μm,	and	dried	
in an oven (Shanghai Huitai Instrument Manufacturing Co., Ltd., Shanghai, China) at 
65°C for two hours. The sections were dehydrated and stained with hematoxylin and eosin 
and photographed by an electron microscope (Olympus BX51, Hamburg, Germany). Five 
tissue sections in each group were selected, with the area and length of re-epithelium 
measured by Image J software. The epithelial area divided by the epithelial length equaled 
the epithelial thickness.
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Masson staining
To assess collagen production in all groups, Masson staining was carried out. The tissue 
sections were deparaffinized and dehydrated and stained using hematoxylin (G1004; 
ServiceBio Inc., Boston, MA), differentiated with hydrochloric acid-alcohol for 5 s and 
stained with a ponceau-acid fuchsin (G2011; ServiceBio Inc., Boston, MA) for 5 min. The 
stained sections were placed in 1% phosphomolybdic acid for 2 min and stained with 
aniline blue (G1071; ServiceBio Inc., Boston, MA) for 5 min and subsequently dehydrated 
and sealed with neutral gum (G1403; ServiceBio Inc., Boston, MA). The stained sections 
were photographed by the microscope and the collagen expression level was analyzed 
using Image-Pro Plus software.

Immunohistochemistry
To	 evaluate	 angiogenesis	 and	 inflammatory	 factors	 in	 all	 groups,	 immunohistochemistry	
staining	 was	 performed.	 Sections	 were	 deparaffinized	 and	 blocked	 with	 3%	 bovine	 serum	
albumin (BSA). Subsequently, sections were incubated overnight at 4°C with antibodies 
rabbit-anti platelet endothelial cell adhesion molecule-1 (CD31) (GB13063; 1:300; Servicebio 
Inc.,	 Boston,	 MA),	 mouse-anti	 VEGF	 (MA5-13182;	 1:100	 Thermo	 Fisher	 Scientific	 Co.,	 Ltd,	
California,	US),	hamster-anti	cluster	of	differentiation	68	(CD68)	(GTX80302;	1:500;	Genetax),	
rabbit-anti	TNF-α	(ab6671;	1:100;	Abcam	Trade	Co.,	Ltd,	Shanghai,	CN),	rabbit-anti	C-reactive	
protein (CRP) (bs-0155R; 1:200; Bioss Biotechnology Co., Ltd, Beijing, CN), rabbit-anti IL-6 
(bs-0782;	 1:200;	 Bioss	 Biotechnology	 Co.,	 Ltd,	 Beijing,	 CN)	 and	 rabbit-anti	 IL-1β	 (ab9722;	
1:100; Abcam Trade Co., Ltd, Shanghai, CN). Correspondingly, the sections were incubated 
with secondary goat anti-mouse (G1214; 1:200; ServiceBio Inc., Boston, MA) or goat anti-rabbit 
(G1213; 1:200; ServiceBio Inc., Boston, MA) antibodies at 37°C for 50 min, and developed with 
3,	 3′-diaminobenzidine	 tetrahydrochloride	 (DAB)	 solution	 (G1211;	 ServiceBio	 Inc.,	 Boston,	
MA)	 for	 10	min	 and	 counterstained	 the	 nuclei	with	 hematoxylin.	The	 stained	 sections	were	
dehydrated and sealed with neutral gum, and photographed by microscope and analyzed the 
positive expression of the observations by Image-Pro Plus. Five tissue sections in each group 
were selected, with the area and integrated option density (IOD) measured by Image-Pro Plus. 
The	positive	 expression	 level	 of	VEGF,	CRP,	 IL-1β,	 IL-6	 and	TNF-α	was	 calculated	using	 the	
formula: Mean Optical Density (MOD) = IOD Sum /Area Sum. Image-pro plus was chosen for 
the	analysis	of	CD31-positive	blood	vessels.	Images	from	five	tissue	sections	in	each	group	and	
five	different	fields	of	each	section	were	submitted	to	the	software	for	analysis.	The	colors	of	
positive staining were recorded and counted automatically.

Statistical analysis
Statistical analysis was performed by SPSS software. All quantitative data were expressed 
as mean value ± standard deviation (SD). One-way ANOVA and Bonferroni tests were used 
to analyze significance levels. P< 0.05 was considered statistically significant.
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Results

The effects of Hst1, ADM paste and their combination on wound healing percentage over 
time 

3, 5, 7 and 10 days post-surgery, the healing of the acute wounds in different groups 
progressed with time in different percentages (Fig. 1A). On day 3, 5 and 7, the healing 
percentage	of	the	wounds	treated	by	10	μM	Hst1	was	significantly	higher	compared	to	the	
control	(no	Hst1),	while	Hst1	at	50	μM	showed	such	a	superior	efficacy	only	on	day	3	and	
5	(Fig.	1B).	The	healing	efficacies	of	Hst1	at	10	and	50	μM	were	significantly	higher	than	
Hst1	at	1μM	on	day	3	and	day	5.	The	most	beneficial	effect	of	Hst1	was	detected	on	day	3.	
At	this	time	point,	the	wound	healing	percentage	in	the	groups	of	Hst1	at	50	μM,	10	μM	
and	1	μM	were	5.90,	5.77	and	4.34	times	that	of	the	control	(Fig.	1B).	ADM	alone	showed	
only a mild, yet insignificant beneficial effect on wound healing on day 3 when compared 
with the control group (Fig. 1C). Its effects rapidly tapered with its average percentage 
wound	healing	even	lower	than	the	control	group	on	day	5	to	day	10.	ADM+1	μM	Hst1	and	
ADM+50	μM	Hst1	were	associated	with	significantly	higher	healing	percentage	than	the	
control	only	on	day	3	(Fig.	1C).	ADM+10	μM	Hst1	resulted	a	significantly	higher	healing	
percentage than the ADM on day 3, 5 and 10. According to these results, we adopted 
Hst1	at	its	optimal	concentration	(10	μM)	and	corresponding	groups,	such	as	control	(no	
ADM,	no	Hst1),	ADM	and	ADM+10	μM	Hst1	group	in	the	subsequent	histological	and	
immunohistochemical assessments.

Fig. 1 3, 5, 7 and 10 days post-surgery, the dynamic changes of wound area in different groups after treatment. (A) 
Representative images of acute wounds showed that the wound area treated by 10 μM Hst1 was significantly smaller 
than the other groups; (B) The temporal changes of wound healing percentage (%) in each treatment group. On days 3, 
5 and 7, the healing percentage of the wounds treated by 10 μM Hst1 was significantly higher than the control; (C) ADM 
+ 10 μM Hst1 was associated with significantly higher healing percentage than the ADM and the control on days 3 and 5. 
Data were presented as mean ± SD. §: the 1 μM, 10 μM, 50 μM Hst1 group vs the control group; ﹟: the 10 μM, 50 μM Hst1 
group vs the 1 μM Hst1 group; &: the 1 μM, 10 μM, 50 μM Hst1 + ADM group vs the control group; *: the 10 μM Hst1 + ADM 
group vs the ADM group. ¥: the 10 μM Hst1 + ADM group vs the 50 μM Hst1 + ADM group (P < 0.05)

The effects of Hst1, ADM paste and their combination on dermal thickness and 
collagen regeneration 
To	 investigate	 the	 effects	 of	 10	 μM	 Hst1	 +	 ADM	 on	 re-epithelialization	 and	 collagen	
regeneration, the tissue samples were stained with HE staining (Fig. 2A) and Masson 
staining (Fig. 3A), respectively. The thickness and area of newly formed epidermis in each 
group	were	measured.	On	day	7	post-surgery,	 the	newly	 formed	epidermal	 in	 the	 10	μM	
Hst1 group was thicker and cell stratification was more obvious (Fig. 2A). Quantitative 



52

Chapter 3

analysis	 showed	 that	 the	 treatment	 with	 10	 μM	 Hst1	 was	 associated	 with	 the	 highest	
thickness	of	newly	formed	epidermal	layer,	which	was	followed	by	ADM	+	10	μM	Hst1	(Fig.	
2B). In contrast, ADM alone didn’t promote epidermal thickness (Fig. 2B). 

Fig. 2 Histological evaluation of epidermal thickness at wound sites. (A) 7 days post-surgery, the newly formed epidermal 
in the 10 μM Hst1 group was thicker and cell stratification was more obvious. The yellow curve showed the epidermal 
regeneration area. The scale bar=500 μm; (B) Quantitative analysis showed that the treatment with 10 μM Hst1 was 
associated with the highest thickness of newly formed epidermal layer, which was followed by ADM + 10 μM Hst1. In 
contrast, ADM alone didn’t promote epidermal thickness. §: The 10 μM Hst1 group and 10 μM Hst1 + ADM group vs the 
control group; *: The 10 μM Hst1 group and 10 μM Hst1 + ADM group vs the ADM group;  ¥: The 10 μM Hst1 group vs the 
10 μM Hst1 + ADM group (P < 0.05).

14 days post-surgery, the collagen area in newly formed dermal layer (Fig. 3A) was 
measured	 and	 analyzed.	 The	 collagen	 regeneration	 area	 in	 the	 10	 μM	 Hst1	 group	 was	
significantly larger compared with the other groups, while either ADM alone or ADM + 10 
μM	Hst1	did	not	significantly	influence	collagen	area	(Fig.	3B).	
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Fig. 3 Masson staining evaluation of collagen fibers deposited in newly formed epidermal layer. (A) 14 days post-surgery, 
the collagen fibers in the 10 μM Hst1 group deposited massively and arranged regularly. Blue represented the positive 
expression. The scare bar = 100 μm; (B) Quantitative analysis by normalizing collagen area in treatment groups to the 
control group. The collagen regeneration area in the 10 μM Hst1 group was significantly larger compared with the other 
groups, while either ADM or ADM + 10 μM Hst1 didn’t significantly influence collagen area. §: The 10 μM Hst1 group vs 
the control group; *: The 10 μM Hst1 group vs the ADM group;  ¥: The 10 μM Hst1 group vs the 10 μM Hst1 + ADM group 
(P < 0.05).

The effects of Hst1, ADM paste and their combination on angiogenesis
Angiogenic markers (CD31 and VEGF) were stained using immunohistochemistry to 
investigate the effects of Hst1, ADM and their combination on angiogenesis at the wound 
sites (Fig. 4A, Fig. 5A). 14 days post-surgery, in the CD31-positive blood vessels per 
microscopic	field	in	the	group	of	10	μM	Hst1	(7.4	±	0.9)	was	significantly	higher	than	that	
of the control group (3.2 ± 1.1) (Fig. 4B). No significant difference was found between the 
control	group	and	ADM	(5.3	±	1.7)	or	ADM	+	10	μM	Hst1	(5.3	±	0.58)	(Fig.	4B).	14	days	post-
surgery,	the	VEGF	expression	in	the	groups	of	10	μM	Hst1	group	and	ADM	+	10	μM	Hst1	
group was significantly higher compared with the control group and ADM group (Fig. 5B). 
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Fig. 4 Immunohistochemical evaluation of CD31-positive blood vessels at wound sites. (A) 14 days post-surgery, in the 
CD31-positive blood vessels (in green arrows) per microscopic field (7.4 ± 0.9) in the 10 μM Hst1 group was significantly 
higher than the control group (3.2 ± 1.1). The scale bar = 50 μm; (B) Quantitative analysis of the number of CD31-positive 
blood vessels. The 10 μM Hst1 group presented a higher number of new blood vessels compared with the other groups. 
§: The 10 μM Hst1 group vs the control group (P < 0.05).

Fig. 5 Immunohistochemical evaluation of angiogenic marker VEGF positive expression. (A) 14 days post-surgery, 
the positive expression level of VEGF (in green arrows) in the 10 μM Hst1 group was higher. The scale bar = 50 μm. (B) 
Quantitative analysis of the VEGF expression level at wound sites. 14 days post-surgery, the VEGF expression in the 
groups of 10 μM Hst1 and ADM +10 μM Hst1 was significantly higher compared with the control group and ADM group. 
§: The 10 μM Hst1 group and 10 μM Hst1 + ADM group vs the control group (P < 0.05).
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The effects of Hst1, ADM paste and their combination on inflammation
To	 investigate	 the	 effect	 of	 ADM+10	 μM	 Hst1	 on	 inflammatory	 response,	 the	 CD68	
macrophages at the wound site were measured and analyzed (Fig. 6A). 7 days post-
surgery, the number of CD68-positive macrophages in the groups of ADM (14.8 ± 2.0) and 
10	μM	Hst1	group	(12.0	±	2.3)	were	significantly	 lower	than	the	control	group	(22.6	±	9.4)	
(Fig.	6B).	No	significant	difference	in	this	parameter	was	found	between	the	ADM	+	10	μM	
Hst1	(14.4	±	8.5)	and	10	μM	Hst1.

The	CRP,	 IL-1β,	 IL-6	 and	 TNF-α	mainly	 produced	 by	 fibroblasts	 and	macrophages	were	
conducive to inflammation, which could be used for indicating inflammatory response 
at	 the	 wound	 site	 (Fig.	 7A).	 On	 day	 7	 post-surgery,	 10	 μM	 Hst1	 was	 associated	 with	
significantly	 lower	 levels	 of	 CRP,	 IL-1β	 and	 IL-6	 than	 the	 control	 group	 (Fig.	 7B-D).	 No	
significant	difference	 in	any	of	 these	 inflammatory	parameters	between	10	μM	Hst1	and	
ADM	+	10	μM	Hst1	(Fig.	7B-E).

Fig. 6 Immunohistochemical evaluation of CD68-positive cells at wound sites. (A) 7 days post-surgery, the number of 
CD68-positive macrophages (in green arrows) in the groups of ADM (14.8 ± 2.0) and 10 μM Hst1 group (12.0 ± 2.3) were 
significantly lower than the control group (22.6 ± 9.4). The scale bar = 50 μm; (B) Quantitative analysis of the number of 
CD68-positive cells. The 10 μM Hst1 group presented significantly lower amounts of macrophages compared with the 
control group. §: The 10 μM Hst1 group and ADM group vs the control group (P < 0.05).
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Fig. 7 Immunohistochemical evaluation of the expression levels of CRP, IL-1β, IL-6, TNF-α at wound sites. (A) 14 days 
post-surgery, the positive expression level of CRP, IL-1β, IL-6, TNF-α (in green arrows) in the 10 μM Hst1 group was lower. 
The scale bar= 50 μm; (B-E). Quantitative analysis of the expression level of CRP, IL-1β, IL-6, TNF-α at wound sites. On day 
7 post-surgery, 10 μM Hst1 was associated with significantly lower levels of CRP, IL-1β, IL-6 and TNF-α than the control 
group. §: The 10 μM Hst1 group, 10 μM Hst1 + ADM group and ADM group vs the control group; *: The 10 μM Hst1 group 
and 10 μM Hst1 + ADM group vs the ADM group (P < 0.05).

Discussion

Skin provides barrier functions against physical damage, pathogens and dehydration, 
contributing to the maintenance of body health and homeostasis [26]. In order to avoid 
undesired-injury related (side) effect, such as infection and locally poor blood supply, skin 
wound healing should be accelerated in order to restore its integrity and functionality 
[27]. Furthermore, rapid wound healing can also reduce the swelling and pain of wounds, 
thus reducing the suffering of patients. In this study, we showed that the addition of 10 
μM	Hst1	 efficaciously	 promoted	 the	 healing	 of	 acute	wounds,	while	 ADM	alone	 showed	
only	 mild	 effects.	 Furthermore,	 the	 co-administration	 of	 ADM	 paste	 and	 10	 μM	 Hst1	
was	not	superior	 to	10	μM	Hst1.	Consequently,	a	 topical	administration	of	 10	μM	Hst1	 is	
promising in clinic to promote the acute wound healing. To our knowledge, this is the 
first study to report the efficacy of topically administrated Hst1 on skin wound healing.

A viable dressing should be able to take effect rapidly so as to promote skin wound healing 
in early stages. ADM, a clinically available dressing material, has been shown to promote 
acute wound healing through promoting both fibroblast migration [28] and angiogenesis 
[29-30], and it can be used as a clinical control to evaluate the efficacy of other dressing 
materials. However, an animal study showed that the topically administrated ADM 
did not significantly promote acute wound healing within one week post-surgery when 
compared to the control [31]. To approach this problem, ADM was administrated through 
subcutaneous injection, which resulted in significantly higher collagen fiber deposition 
and microvessel density than the topically administrated ADM [31]. However, the healing 
rate appeared not significantly elevated by such an administration method within 7 days 
post-surgery [31]. Our study confirmed that ADM was not associated with a significantly 
higher healing efficacy within the 14-day monitoring span. In contrast, topically 
administrated Hst1 significantly promoted the healing percentage at as early as day 3 
post-surgery. Such a rapid effect of Hst1 may be probably explained by the findings that 
Hst1 was quickly taken up by cells [22] and promoted cell spreading and migration within 
several hours [20, 22]. Our results also showed that the most effective concentration of 
Hst1	in	this	in-vivo	acute	wound	model	was	10	μM,	which	was	consistent	with	the	in-vitro	
findings [20, 32, 33]. Hst1 promotes wound healing possibly through its potent capacity 
of enhancing the migration of epithelial cells [17, 20, 32, 34] and fibroblasts [19], which 
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is mediated by the C-terminal amino acid sequence of Hst1 [35] and G-protein coupled 
receptors [17] and ERK1/2 signaling pathway [18].

Considering easy degradation of Hst1, we wished to co-administrate ADM and Hst1 so as 
to yield a better effect on wound healing since ADM paste might provide a slow release 
system for Hst1. Furthermore, the different molecular mechanisms of ADM and Hst1 
may also contribute to a better effect on wound healing. However, co-administrated 
ADM and Hst1 did not show a better effect, which did not support our hypothesis. One 
potential explanation may be that the interaction between positively charged Hst1 with 
negatively charged ECM components, such as glycosaminoglycans may hinder the release 
of Hst1, thus reducing its in-site concentration. Furthermore, kallikrein 13 activated by 
glycosaminoglycans can efficiently cleave peptide substrates at the R-R bond [36], which 
deactivates Hst1. 

Parallel with the migrating process, keratinocyte and epithelial cells also proliferate 
and differentiate so as to promote thickening and stratifying of the epidermis and to 
re-establish underlying basal lamina from the margins of the wound inwards. Between 
3 and 5 days after injury, collagen production by fibroblasts is deposited and stimulated 
by	 TGF-β1	 and	 PDGF	 mainly	 produced	 by	 M2	 macrophages	 [5].	 Histomorphometric	
evaluation of epidermal thickness and collagen deposition can prove the effect of co-
administrated ADM and Hst1 on wound healing process [37-38]. In this study, we showed 
that ADM did not show beneficial effects in either of the two parameters. In contrast, 10 
μM	Hst1	was	associated	with	significantly	 larger	newly	 formed	epidermal	 thickness	and	
collagen	 area	 than	 those	 of	 control,	 ADM	and	ADM	+	 10	 μM	Hst1	 groups.	 These	 results	
suggest that Hst1 not only efficaciously stimulated cell migration, but also enhanced 
proliferation and functions of skin cells. Such effects may be attributed to the promoting 
effects of Hst1 on cell metabolism [22] and cell functions [19-20] since Hst1 does not 
promote cell proliferation [21]. 

Angiogenesis to establish a sufficient blood supply provides a favorable microenvironment 
for epidermal and dermal cell migration and proliferation [39]. The angiogenesis process 
consists of a series of steps involving various cells such as endothelial cells, inflammatory 
cells	and	cytokines	such	as	VEGF,	PDGF,	TGF-β	[3,	40].	VEGF	is	a	key	mediator	attributed	
to endothelial proliferation, migration, tube formation and stimulated the angiogenic 
cascade [41-42]. Different ADMs contain different amounts of various angiogenic growth 
factors,	 such	 as	 VEGF,	 FGF	 and	 TGF-β	 according	 to	 preparation	 methods	 [43],	 which	
may contribute to angiogenesis. In this study, the topically administrated ADM did not 
show beneficial effects on either of the two parameters for angiogenesis: CD31-positive 
blood vessels and VEGF expression level. Subcutaneously injected ADM is shown to 
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induce more blood vessels than the topical one [31]. Such an administration method is, 
whereas, not convenient to apply in clinic and may cause additional pain to patients. In 
contrast,	 topically	 administrated	 10	 μM	Hst1	 group	presented	 a	 higher	 number	 of	CD31	
positive blood vessels and showed a higher VEGF expression level than other groups. 
Mechanistically, Hst1 directly promotes endothelial cell adhesion, spreading and 
migration, which is mediated by the activation of the Ras and RIN2/ Rab5/ Rac1 signaling 
axis [21]. Furthermore, Hst1 is also shown to promote angiogenesis and tube formation 
even in adverse conditions, such as the presence of zoledronic acid [44]. All these studies 
indicate that Hst1 is a convenient and potent bioactive agent to promote angiogenesis for 
accelerating wound healing.

Another paramount biological event for wound healing is inflammatory response, which 
is essential for hemostasis, attacking invading pathogens and removing tissue debris 
[45]. Within hours after injury, C-reactive protein (CRP) significantly increases, binds 
to phosphocholine and activates complement system and phagocytosis, thereby clearing 
necrotic and apoptotic cells and bacteria and contributes. CRP can also increase the 
secretion	and	release	of	IL-1β,	IL-6,	TNF-α	from	mononuclear	phagocytes	[46],	which	can	
stimulate newly attracted monocytes to differentiate into M1 (classically activated and pro-
inflammatory) macrophages [4-5]. As early as day 1, infiltrating macrophages in the wound 
mainly (85%) display an M1 phenotype (The phenotype of murine wound macrophages) 
[47]. Macrophages are much larger phagocytic cells that reach peak concentration in a 
wound at 48 and 72 hours after injury. During this period, M1 macrophages transit to M2 
macrophages, an alternatively activated, anti-inflammatory and pro-fibrotic phenotype 
[6].	 The	 proliferation	 and	 migration	 of	 M2	 macrophages	 secrete	 TGF-β1,	 VEGF-α	
contributed to the proliferation and migration of fibroblasts, endothelial cells, epithelial 
cells, angiogenesis and re-epithelialization [48]. The dominating macrophage population 
in the wound at day 5 is the M2 macrophage population [49]. However, a prolonged 
inflammation may enhance risks of delayed healing and excessive scarring. Our study 
showed	that	10	μM	Hst1	group	presented	a	lower	number	of	CD68-positive	macrophages	
and	 showed	 a	 lower	 IL-1β,	 IL-6,	 TNF-α	 and	 CRP	 expression	 level	 than	 other	 groups	 at	
day 7 post-surgery. To our knowledge, this was the first study to show that Hst1 could 
significantly down-regulate inflammation in wound healing. The underlying mechanism 
for this function of Hst1 still remains to be elucidated.

In this study, we showed that ADM appears not to be an ideal carrier of Hst1. Further 
efforts should also be taken to look for a promising wound dressing material to provide 
a sustained release system for Hst1. Recent studies show that conductive photothermal 
self-healing nanocomposite hydrogels wound dressing bear good biocompatibility, 
biodegradability, mechanical properties, photothermal properties, antibacterial and 
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sustained drug release behavior for wound healing application, even in bacteria-infected 
wounds [50]. It would be worth evaluating the efficacy of Hst1 in combination with such 
multifunctional hydrogels [50-51]. One limitation of skin model in mice is that contracture 
also plays a role in wound healing. A skin wound healing model in pig that is more similar 
to human skin and bear much less interference from contracture [52], would be necessary 
to further corroborate the application potential of Hst1 in clinic.

In	 conclusion,	 topical	 administrated	Hst1	 at	 10	μM	could	 significantly	 accelerate	wound	
healing by promoting angiogenesis, re-epithelialization, and collagen production as well 
as suppressing inflammation, which indicated a promising application in managing acute 
wound healing. 
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Abstract

Objectives: Histatin1 (Hst1) has been proven to promote wound healing. However, there 
was no specific study on the regulation made by Hst1 of fibroblasts in the process of 
wound healing. This research comprehensively studied the regulation of Hst1 on the 
function of fibroblasts in the process of wound healing and preliminary mechanism.

Materials and Methods: The full-thickness skin wound model was made on the back of 
C57 / BL6 mice. Wound healing, collagen deposition and fibroblast distribution were 
detected on days 3, 5, and 7 after injury. Fibroblasts were cultured in vitro and stimulated 
with Hst1, and then their biological characteristics and functions were detected.

Results: Hst1 can effectively promote wound healing, improve collagen deposition 
during and after healing, and increase the number and function of fibroblasts. After 
healing, the mechanical properties of the skin also improved. In vitro, the migration 
ability of fibroblasts stimulated by Hst1 was significantly improved, and the fibroblasts 
transformed more into myofibroblasts, which improved the function of contraction and 
collagen secretion. In fibroblasts, the mTOR signaling pathway can be activated by Hst1.

Conclusions: Hst1 can accelerate wound healing and improve the mechanical properties 
of healed skin by promoting the function of fibroblasts. The intermolecular mechanisms 
need to be further studied, and this study provides a direction about the mTOR signaling 
pathway.

Key words: Wound healing, Histatin1, Collagen deposition, Mechanical properties, 
Fibroblast.
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Introduction

Acute skin wound and soft tissue is one of the most common diseases in clinical work 
and it is usually caused by burning, mechanical force, physical or chemical stimulation. 
Wound healing not only influences the appearance of the patients, but also has a great 
impact on their function. Although there are some targeted methods for wound healing, 
it does not fundamentally solve the problem [1, 2]. Wound healing consists of several 
distinct but overlapping stages, including hemostasis, inflammation, tissue remodeling, 
and maturation [3-5]. Fibroblasts, which play a significant role in wound healing [6], 
could	 transform	 into	 myofibroblasts	 expressing	 alpha-smooth	 muscle	 actin	 (α-SMA)	
by	 the	 influence	 of	 transforming	 growth	 factor-β1	 (TGF-β1)	 after	 wound	 formation	 [7].	
TGF-β1	 regulates	 the	 functions	 of	 fibroblasts	 during	wound	 healing	 and	 is	 produced	 by	
macrophages and many other cells [8]. In the early stage of wound healing, fibroblasts 
and myofibroblasts secrete intercellular matrix that constitutes an important part of 
granulation tissue and accelerate wound closure through the contraction of the wound 

[9-10]. The speed of wound closure and filling determines the prognosis of wounds 
greatly [11]. In addition, in the late stage of wound healing, myofibroblasts determine the 
mechanical properties of the skin through affecting the deposition and distribution of 
collagen and other fibers [12].

Histatin is a family of histidine-rich polypeptides that exist in saliva [13]. They were paid 
attention to for their antifungal effects at first. However, in recent years, the activation of 
tissue polypeptides on cells has gradually become a hotspot. Among them, Hst1 is the most 
widely studied in promoting wound healing [14]. In the oral cavity, Hst1 can accelerate 
wound healing by hemostasis, promoting angiogenesis, epithelial cell migration and 
adhesion to reconstruct the epithelial barrier [15]. In addition to oral epithelial cells, Hst1 
can activate many other cells [16-17]. Recent studies have also shown that Hst1 can inhibit 
the	 expression	 of	 interleukin-1β	 (IL-1β),	 C-reactive	 protein	 (CRP)	 and	 CD68	 in	 wound	
healing [18]. However, there is no study about the mechanical properties of the healed skin 
after treatment with Hst1.

Previous studies have shown that Hst1 can promote the migration of fibroblasts [19], but 
there is no detailed study on its other functions. Hst1 can significantly reduce the wound 
area in the process of wound healing. Previous studies suggested that this was mainly 
related to its promotion of epithelial cell migration [20], while ignoring the contraction 
effect of myofibroblasts. Although some experiments tested the effect of Hst1 on collagen 
deposition [18, 21], they didn’t study the mechanical properties of the skin after wound 
healing or proved the effect of fibroblasts in vitro. In this study, the effects of Hst1 on the 
characteristics and function of fibroblasts were studied completely in vivo and in vitro. 
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Methods and materials 

Hst1 preparation
The	Hst1	(≥	95%	purity)	was	synthesized	by	manufacturer	(SynPeptide	Co.,	Ltd.,	Nanjing,	
China). Hst1 was dissolved in 0.9% NaCl solution into a concentration of 1 mM and stored 
at -20°C	 as	 a	 solid.	 Hst1	 was	 diluted	 to	 a	 working	 concentration	 of	 10	 μM	 during	 the	
experiment.

Experimental animals and wound model
38 clean grade C57/ BL6 male mice (Experimental Animal Center of the Army Medical 
University), which were 6-8 weeks old and 25-30 g weight, were kept at 18-25°C and 50% 
constant humidity (Animal Center of Southwest Hospital of Chongqing). All the mice 
were allowed to access normal food and water freely. Five mice were kept in one cage 
before making the wound model and one mouse was kept per cage while the model was 
completed.

The hair on the back of the mice were shaved carefully and sterilized with lodophor. The 
mice were anesthetized by intraperitoneal injection of 1% pentobarbital solution (Sigma, 
USA) via intraperitoneal injection for 5 ml/kg. After anesthesia, two full-thickness skin 
wounds with a diameter of 1 cm were made on both sides of the back of the mice by a 
puncture	biopsy	instrument.	The	experimental	mice	were	treated	with	200	μl	10	μM	Hst1	
solution every day, while the control group was treated with equal volume deionized 
water. All the mice were photographed every other day, and randomly sacrificed on the 3, 
5, 7, 11 day and 10 days after healing to detect the wound skin.

Wound closure analysis and histological analysis
Photos were taken every other day after the surgery and the area of wound was calculated 
by the image analysis software (Image J, Rawak Software, Inc. Germany). W0 was defined 
as the initial area of the wound and Wt was defined as the residual wound area. The wound 
healing rate (% area of wound healed) was measured as follows:

W% (% of closed wound area) = ( W0- Wt)/ W0 ×100%

Skin samples were taken at 3, 5, 7, 11 after surgery and 10 days after healing. All the 
specimens were fixed in 4% paraformaldehyde, dehydrated, paraffin embedded, and made 
into	 5	 μm	 sections.	Hematoxylin	 (Beyotime,	China)	 and	 eosin	 (H	&	E)	 staining,	Masson	
staining, reticular fiber staining, and Victoria blue staining were performed for the 
sections and all sections were observed and photographed under the microscope. Image 
J software was used to measure the length of wound healing and granulation tissue area. 
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The length of wound healing represents the ability of re-epithelialization. ImageJ was 
also used to analyze the optical density of various fibers staining and calculate the fiber 
composition after wound healing.

Immunohistochemistry and immunofluorescence staining
Paraffin sections were dewaxed and hydrated with xylene and gradient alcohol. After that, 
the sections were heated for antigen retrieval. The endogenous peroxidase was inactivated 
with 3% H2O2 solution after cooling to room temperature (only immunohistochemistry). 
The 10% normal goat serum was used for 30 minutes at room temperature to block the 
antigen. The primary antibody was incubated overnight at 4°C. The biotinylated secondary 
antibody (Zhongshan Biology Co. Ltd, China) was incubated at room temperature for 30 
minutes. In the immunohistochemical staining, diaminobenzidine was used for color 
development and hematoxylin (Beyotime, China) was used for nuclear staining. Results 
were taken by a microscope (Olympus, Japan). The positive results were quantified by 
ImageJ software and at least three sections were randomly selected for each group. Five 
different high-power fields of view were randomly selected from each slice for calculation 
and statistics.

The	primary	 antibody	were	used	 as	 follows:	 anti-α-smooth	muscle	 actin	 (α-SMA)	 (1:150,	
Abcam,	 UK);	 anti-transformation	 growth	 factor-β	 (TGF-β)	 (1:200,	 Abcam,	 UK);	 anti-
vamentin (1:200, Abcam, UK)

Cell culture and biological function of fibroblast
Fibroblast (NIH/ 3T3; GNM 6; Chinese Academy of Sciences, China) were cultured in a 
5% CO2 incubator at 37°C. The cells were passaged every 3 days, and 3.75 × 105 cells were 
inoculated into each 25 cm2 culture bottle. The control group was cultured by completed 
DMEM	medium,	while	the	medium	of	experimental	group	was	added	10	μM	Hst1.

Cell migration 
Fibroblasts were planted into 6-well plates with the number of 2 × 106/ well and cultured to 
80% density. Cells were starved for 8-12 hours and mitomycin C (Sigma Aldrich, USA) was 
added	into	medium	by	15μg/ml.	After	culturing	in	a	5%	CO2 incubator at 37°C for 3 hours, 
the medium was replaced with normal completed medium. The scratch was made by the 
200	μl	pipette	tip	on	the	bottom	of	the	well	vertically	with	the	same	force	and	washed	by	
PBS twice. Photos were taken every 12 hours for 48 hours by a microscope and the residual 
area of scratch was calculated by Image J and the initial area was the area at 0 h.

Cell proliferation 
According	to	the	kit	instruction	of	Edu	(Invitrogen,	USA),	cells	were	incubated	with	5	μM/	
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well of Edu for more than 3 hours. After treatment of cells in each group, the cells were 
cultured in a 5% CO2 incubator at 37°C for 3 hours and carried out treatment according 
to the instruction. Finally, the cells were test and analyzed with a flow cytometer (Attune, 
Applied Biosystems AB, USA).

Cell viability 
Cell viability was determined by the CCK8 method. Cell suspension was inoculated in 
96	well	 plate	with	 2000	 cells	 each	well	 (100μl/	well).	 The	 cells	were	pre-incubated	 in	 the	
incubator for 12 hours to make the cells attachment and added influencing factors 
according to the experimental group. After incubation for 0, 12, 24, 48 and 72 hours, 
10	 μl	 CCK8	 detection	 solution	was	 added	 into	 each	well,	 and	OD	 value	was	 detected	 by	
microplate reader.

Cell apoptosis 
3T3 cells were cultured with stimulation according to the experimental groups for 24 
hours and collected by centrifugation (1300 rpm/ 5 min). Cells were washed in PBS, then 
resuspended	 in	 200	 μl	 binding	 buffer	 (1	 ×)	 with	 density	 of	 2-5×105/ ml. Then the cells 
were treated according to the instructions of the Invitrogen Annexin V-FITC apoptosis 
detection kit (Thermo Fisher Scientific, USA). Flow cytometry was used for data analysis.

Cell contraction test
0.1 M NaOH solution was used to adjust the pH of commercial rat tail type I collagen 
(Solarbio, China) to neutral. 1×105 3T3 cells were resuspended in the culture medium and 
mixed with pH neutral rat tail collagen solution to make the concentration of collagen 1 
mg/ ml. 1 ml of rat tail collagen solution containing cells was added into each well of 12 
well plate and the plate was placed at room temperature for 20 minutes to make collagen 
coagulate into gel. After adding suitable volume medium culture and different stimulant 
for each group, the plate was cultured in a 5% CO2 incubator at 37°C. Photos were taken 
every 12 hours for each well and the residual area of collagen was calculated by Image J.

Elisa and Western-blot
The supernatant was extracted from cell culture medium after 3 days of culture under 
different conditions. The concentrations of type I collagen were determined by mouse 
type I collagen quantification ELISA kit (Elabscience Biotechnology Co., Ltd, China). For 
immunoblot, harvested cells were lysed on ice using RIPA lysis buffer (Beyotime, China) 
with protease and phosphatase inhibitors for 30 min. Then, the lysates were centrifuged 
for 20 min at 4°C, 12000 rpm. Supernatant was transferred to another tube and 
quantitated using BCA protein assay kit (Thermo Fisher Scientific, USA). Loading buffer 
(Beyotime, China) was added to supernatant and samples were denatured at 100°C for 
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10 min. Total Protein extracts was subjected to SDS–polyacrylamide gel electrophoresis, 
transferred to PVDF membrane, blocked with 5% BSA in TBST. Primary antibodies were 
incubated at 4°C overnight and Secondary antibodies were incubated in room temperature 
for 1 hour. Finally, signals were detected and images were taken.

The	primary	antibody	we	used	are	as	follows:	anti-α-smooth	muscle	actin	(α-SMA)	(1:1000,	
Abcam, UK); anti-collagen I (1:1000, Abcam, UK); anti-collagen III (1:1000, Abcam, UK); 
anti-Akt (1:1000, CST, USA); anti-pAkt (1:1000, CST, USA); anti-PI3K (1:1000, CST, USA); 
anti-pPI3K (1:1000, CST, USA); anti-mTOR (1:1000, CST, USA); anti-pmTOR (1:1000, CST, USA)

Tensile failure and stress relaxation
Before the experiment, we used vernier caliper to measure the specification (length, 
width, thickness) of each skin sample and the samples were fixed on the sensor of the 
Instron 5567 materials testing system (Instron, USA) and the force measurement was 
zerod. After adjusting the upper and lower clamps on the same vertical horizontal plane 
to ensure that the stress direction of the skin is vertical, we tightened the upper and lower 
clamps to prevent the sample from sliding out during the experiment. For tensile failure 
test, when the test began, the sample was elongated from 0 to failure with constant rate 
(50 mm/ min). All data was recorded by computer software. For stress relaxation test, the 
sample was slowly stretched to the target shape variable (20%) at a constant speed (50 
mm/ min) and maintained for 120 s. Three different samples were taken from each group, 
and PBS was used to keep the samples moist during the test.

Quantitative real-time PCR (qPCR)
qPCR assay was used to detect the expression of related indicators at mRNA level. TRIzol 
reagent (Ambion Life Technologies, USA) was used to isolate total RNA from the cells. 
After calculating the concentration of RNA, a cDNA synthesis kit (Takara, Japan) was 
used for reverse transcription. The prepared cDNA template and PCR kit were used to 
add samples according to the instructions, and then a instrument (CFX Connect™, BIO-
RAD,	USA)	was	used	 for	qPCR	reaction.	Primers	 for	α-SMA	were	designed	based	on	 the	
statistics from NCBI and Pubmed. GAPDH was used as the internal reference.

α-SMA	F:	CCC	AGA	CAT	CAG	GGA	GTA	ATG	G
α-SMA	R:	TCT	ATC	GGA	TAC	TTC	AGC	GTC	A

GAPDH F: GGT TGT CTC CTG CGA CTT CA
GAPDH R: TGG TCC AGG GTT TCT TAC TCC



74

Chapter 4

Ethics approval 
Animal experiments were approved by the Medical and Ethics Committee of Southwest 
Hospital, Third Military Medical University (Army Medical University), Chongqing, China.

Statistical analysis
All results were presented as the mean ± SD. Statistical analysis was performed by 
GraphPad Prism 5.0. An independent sample t-test was used for comparison between two 
groups at the same time point, and two-way ANOVA was used for comparison between 
two groups at multiple time points. A value of p < 0.05 was considered statistically 
significant. *p < 0.05, **p < 0.01

Results

Hst1 promoted skin wound construction.
In order to study the effect of Hst1 on skin wound healing, a full-thickness skin wound 
model was made in C57 mice. The wound healing progress was analyzed at different time 
points. The results showed that the wound healing rate of the experimental group was 
significantly faster than control group on the 3, 5 and 7 days after injury (Fig. 1a, b). The 
results of HE staining were consistent with the wound area and wound healing rate (Fig. 
1c, d).
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Fig. 1 Overall situation of wound healing in vivo in C57 mouse. a) Round wounds with a diameter of 1.0 cm were made on 
both sides of the mouse body. Hst1 (10 μM) solution was added on the wound surface of experiment group and equal 
volume deionized water for the control group. Each mouse was photographed every other day. b) Healing rate of wound 
in mouse. The area of wound healed in every mouse and the ratio to the initial total area were calculated by an image 
analyzer. Vertical axis: healing wound area expressed as % area; horizontal axis: time. c) The results of HE staining of the 
wound skin at 3, 5 and 7 day. d) Length between wound edge was calculated by an image analyzer (At last 3 sections were 
chosen at each time for each group). Vertical axis: length of wound edge; horizontal axis: time. Data are shown as mean 
± SE. (*P < 0.05; **P < 0.01)
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Hst1 could promote the deposition of wound stroma and granulation filling  
in vivo.
The area of granulation tissue in Hst1 treatment group was also higher than control group 
at the same time point (Fig. 2a, b). Meanwhile, Masson staining results showed that the 
content of collagen fibers in the wound treated with Hst1 was higher than control group 
on the 3, 5 and 7 day after injury (Fig. 2c, d).

Fig. 2 Distribution of granulation tissue and extracellular matrix during healing. a) The HE staining showed the thickness 
of granulation tissue. b) Statistical data of granulation tissue area during healing process. Staining of interstitial 
components in granulation tissue. c) Masson staining was used to stain the collagen fibers in the skin sections during the 
healing process. d) Collagen volume fraction (CVF) during healing process, Vertical axis, CVF; horizontal axis, time. Data 
are shown as mean ±SE. (*P < 0.05; **P < 0.01)

Hst1 promoted fibroblast migration and its transformation of  myofibroblast 
in vivo.
Immunofluorescence staining showed the distribution of fibroblasts and myofibroblasts 
in the wound. The cells labeled with green fluorescence (vimentin) represented 
fibroblasts,	 while	 the	 cells	 labeled	 with	 green	 and	 purple	 fluorescence	 (α-SMA)	
represented myofibroblasts. The number of fibroblasts and the transformation rate of 
myofibroblast in the wound treated with Hst1 were higher than control group (Fig. 3a-c). 
As	an	important	marker	of	myofibroblasts,	the	expression	of	α-SMA	in	Hst1	treated	group	
was higher than control group (Fig. 3d). The distribution of fibroblasts and myofibroblasts 
was shown by immunohistochemical and immunofluorescence staining. There was no 
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obvious	difference	of	 the	 expression	of	TGF-β1,	which	 is	 a	 significant	 factor	 to	promote	
the transformation of fibroblasts into myofibroblasts, between the control group and the 
Hst1 treated group (Fig. 3e). 

Fig. 3 Distribution of fibroblasts and related markers in wounds. a) Distribution of fibroblasts and myofibroblasts in 
wound. The wound sections were stained with immunofluorescence. DAPI was labeled blue fluorescence, vimentin was 
green and α-SMA was purple. b) Percentage of fibroblasts in the wound, vertical axis, number of vimentin+ cells; 
horizontal axis, time. c) Percentage of myofibroblasts in the wound, vertical axis, number of α-SMA + cells; horizontal 
axis, time. d) Immunohistochemical staining of α-SMA in wound sections and the optical density of each section was 
calculated by image analyzer. Vertical axis: value of optical density; horizontal axis: time. e) Immunohistochemical 
staining of TGF-β1 in wound sections. The optical density of each section was calculated by image analyzer. Vertical axis: 
value of optical density; horizontal axis: time. Data are shown as mean ± SE. (*P < 0.05; **P < 0.01)

Hst1 improved the mechanical properties of wound healing skin through 
regulating the fiber deposition and arrangement.
The	mechanical	properties	of	the	skin	were	detected	10	days	after	wound	healing.	Both	tensile	
fracture and stress relaxation experiments showed that the mechanical properties of wound 
skin	treated	with	Hst1	were	better	than	control	group	(Fig.	4a-f).	The	wound	skin	treated	with	
Hst1	had	more	collagen,	reticular	and	elastic	fibers	in	the	wound	local	skin	after	healing	(Fig.	
4g). In the healed skin, the proportion of type III collagen in Hst1 group increased (Fig. 4g).
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Fig. 4 Detection of skin mechanical properties and fiber deposition 10 days after healing. a) At 10 days after healing, 
the skin on the wound of each group was taken for tensile fracture test, and the experimental results were recorded. 
Origin software was used to analyse the statistics. b) The Young’s modulus of normal, control and Hst1 group. c) The 
maximum tensile stress suffered by different groups. d) The maximum tensile length suffered by different groups. e) 
The stress relaxation was tested on the wound skin of the two groups 10 days after healing, data was analysed by the 
Origin software. f) The relaxation rate of different groups. g) The staining of collagen fiber, reticular fiber, and elastic 
fiber on the wound 10 days after healing and the distribution of type I collagen and type III collagen were staining by 
Sirius red staining. The data provided is one of the representative data. All experiments were repeated three times in 
an independent occasion. Data are shown as mean ± SE. (*P < 0.05; **P < 0.01)
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The biological properties and functions of fibroblasts were regulated by Hst1 
in vitro.
Scratch	 test	 results	 showed	 that	 the	 migration	 ability	 of	 fibroblasts	 was	 enhanced	 and	
scratch	healing	 speed	was	 accelerated	 after	Hst1	 treatment	 (Fig.	 5a,	 b).	 In	 addition,	Hst1	
had	no	significant	effect	on	the	vitality,	proliferation	and	apoptosis	of	fibroblasts	(Fig.	5c-
e).	Fluorescence	staining	showed	that	Hst1	could	promote	the	transformation	of	fibroblasts	
similar	 to	 TGF-β1,	 could	 increase	 the	 expression	 of	 α-SMA	 in	 fibroblasts	 and	 transform	
them	 into	myofibroblasts	 (Fig.	 6a,	 b).	Western-blot	 and	 qPCR	 results	 showed	 consistent	
results	 with	 immunofluorescence	 staining	 at	 protein	 and	mRNA	 levels	 respectively	 (Fig.	
6c,	d).	The	results	of	cell	contraction	test	showed	that	Hst1,	like	TGF-β1,	could	enhance	the	
contraction	 function	of	fibroblasts	 (Fig.	6e,	 f).	 In	addition,	 the	 functions	of	fibroblasts	 to	
secrete type I collagen and type III collagen were improved (Fig. 7a-c).

In fibroblasts, Hst1 could activate mTOR signaling pathway related signaling 
molecules
The results showed that the phosphorylation levels of Akt, PI3K and mTOR were increased 
in fibroblasts stimulated by Hst1 in vitro (Fig. 7d, e).

Fig. 5 Effect of Hst1 on the characteristics of 3T3 cells. a) Migration experiment of 3T3 cells. The results of cell scratch test 
were photographed by light microscope. b) The area of uncured scratch was calculated by image analyzer. c) Fibroblast 
viability test. CCK8 was used to test the viability in different groups, and the results were detected by spectrophotometer. 
Vertical axis: absorbance; horizontal axis: time. d) Detection of cell proliferation ability by Edu test. The expression of Edu 
in 3T3 cells was detected after treated with Hst1 for 24 hours, the result showed non-statistical difference. e) Apoptosis 
was detected by flow cytometry with Annexin V-FITC/ PI staining. Q2 represented the late apoptotic cells, Q3 for the early 
apoptotic cells and Q4 for living cells. The control group was cultured with complete DEME medium (10% FBS) and Hst1 
group was cultured with complete DEME medium (10% FBS) including 10 μM Hst1. Data are shown as mean ± SE. (*P < 
0.05; **P < 0.01)
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Fig. 6 Transformation ability to myofibroblast and function of 3T3 cells. a)-d) The control group was cultured with 
DMEM medium (10% FBS), and the experimental group was added with 10 ng/ ml TGF -β1, 10 μM Hst1 or both of them 
respectively. Immunofluorescence staining (DAPI was labeled blue fluorescence and α-SMA was purple), western blot 
and quantitative PCR were used to detect the expression of α-SMA. e) Collagen contractive function of fibroblasts. 
Fibroblasts were added into the collagen of rat tail after gelatinization, and the factors were added to stimulate the 
cells as mentioned above. f) The contraction area of collagen was calculated by the image analyzer. The data of each 
group were compared with the control group. The data provided is one of the representative data. All experiments were 
repeated three times in an independent occasion. Data are shown as mean ± SE. (*P < 0.05; **P < 0.01)
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Fig. 7 The collagen secretion function of 3T3 cells and the changes of mTOR pathway related signaling molecules after 
Hst1 treatment. a) The secretion of type I collagen in 3T3 cells after treating with Hst1 for 3 days, vertical axis, relative 
gray value; horizontal axis, group. b) After treatment with Hst1 for 3 days, the secretion of extracellular type I collagen 
was detected by ELISA kit, vertical axis, relative protein concentration; horizontal axis, group. c) The secretion of type 
III collagen in 3T3 cells after treating with Hst1 for 3 days, vertical axis, relative gray value; horizontal axis, group. d) 
The possible mechanism of Hst1 regulating fibroblast functions by activating the mTOR signaling pathway. e) Hst1 was 
used to stimulate the cells in vitro, and the cell proteins were extracted at 15 min, 30 min, 1 h and 2 h respectively. The 
expression of AKT, PI3K, mTOR and their phosphorylated proteins were detected by Western blot. Data are shown as 
mean ± SE. (*P < 0.05; **P < 0.01)
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Discussion

Hst1 has been widely reported to promote acute wound healing in previous research [21]. 
However, most of research only reported the phenomena in vivo, including the promotion 
of wound healing speed, vascularization, and inhibition of inflammatory reactions 
induced by Hst1, while several of them studied the regulatory effect of Hst1 on epidermal 
cells and vascular endothelial cells and proposed a possible mechanism. So far, there has 
been no systematic study on the effect of Hst1 on fibroblast production. In this study, 
we confirmed that Hst1 can accelerate the speed of wound healing through fibroblast 
contraction, collagen deposition, and improvement of the mechanical properties after 
healing, These effects are achieved through Hst1 promoting the migration of fibroblasts 
and their transformation into myofibroblasts.

The repair of the missing tissue in the wound is completed by contraction and 
reepithelization in mice. In addition, contraction was dominant, completing about 88% of 
wound closure [22]. In wound healing, fibroblasts interact with the surrounding tissue and 
stretch to make the surrounding tissue fill the wound defect [23]. Our experimental results 
showed that in animal experiments, the speed of wound reduction is obviously accelerated 
after treating with Hst1. Previous studies generally believed that this result was due to 
the promotion of epidermal cell migration and acceleration of the re-epithelialization 
process. However, our study found that Hst1 can promote the migration of fibroblasts, so 
that fibroblasts can gather in the wound and transform into myofibroblasts to enhance 
the contraction ability. A collagen contraction test in vitro also proved that Hst1 could 
enhance the contraction function of fibroblasts. In the collagen contraction test, although 
the	contraction	amplitude	of	 the	Hst1	group	was	smaller	 than	 that	of	 the	TGF-β1	group,	
it began to contract earlier and was significantly better than that of the control group, 
in which there was almost no contraction after culturing for a week. Since the number 
of cells mixed in each group was the same and Hst1 had no effect on the proliferation of 
fibroblasts, Hst1 can enhance the contractile function of fibroblasts directly rather than 
by other indirect methods, such as increasing the number of fibroblasts. The contraction 
ability	 of	 fibroblasts	 is	 closely	 related	 to	 the	 expression	 of	 α-SMA	 [24-25].	 A-SMA	 is	
mainly expressed when fibroblasts transform into myofibroblasts and is regulated by 
TGF-β1	[7,	10,	26].	As	shown	in	the	results,	adding	Hst1	simply	can	also	induce	fibroblasts	
to	transform	into	myofibroblasts	and	increase	the	expression	of	α-SMA	 in vitro, which is 
similar	to	that	of	TGF-β1.

In addition to contraction, collagen secretion is one of the important functions of 
fibroblasts. Previous studies have also proved that Hst1 can promote the density of 
collagen	 in	 the	 wound	 local	 site	 [18].	 Myofibroblasts,	 which	 can	 express	 α-SMA	 after	
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transformation from fibroblasts, are the main source of extra cellular matrix (ECM) 
proteins during wound healing [27-28]. Insufficient collagen production will seriously 
affect the formation of ECM and granulation tissue, thus delaying wound healing [11, 29, 
30]. Moreover, the deposition and regular arrangement of collagen can improve tissue 
remodeling [31]. Our study further confirmed that Hst1 can promote ECM density and 
granulation tissue formation in the early stage of wound healing. In addition, we tested 
the mechanical properties of the wound skin after 10 days of healing. Tensile fracture and 
stress relaxation tests showed that the mechanical properties of wound skin treated with 
Hst1 were better than in the control group. The mechanical properties of skin are affected 
by the size and number of collagen fibers [32-33].

Previous studies have proved that Hst1 can enter cells directly [14]. However, the 
subsequent molecular reaction has not been confirmed and Hst1 will be degraded in a 
short time in the cell [34], it is also believed that Hst1 can bind to cell surface receptors, 
such as G-protein-coupled receptors, and activate intracellular signaling pathways, 
leading to a series of subsequent reactions [35]. The ILK-PI3K/ AKT signaling pathway can 
promote the transformation of fibroblasts into myofibroblasts, enhance their contractile 
function, and promote wound healing [22, 36]. Our study confirmed that Hst1 can activate 
the PI3K/ AKT/ mTOR signaling pathway and has a similar positive regulatory effect on 
fibroblasts. In addition, activation of the PI3K/ nAKT signaling pathway can enhance 
cell migration ability [37-38]. The tuberous sclerosis protein complex is phosphorylated 
by AKT and the complex from GTPase Rheb is separated to activate mTOR [39]. Related 
studies have shown that Akt regulates cell migration by activating mTOR [40-41]. 
Therefore, we consider that the activation and migration promoting effects of Hst1 on 
fibroblasts are accomplished through the activation of PI3K/ AKT/ mTOR. Hst1 has been 
proved to promote the migration of a variety of cells such as fibroblasts. In this study, we 
have proved that Hst 1 can activate the PI3K / AKT/ mTOR signaling pathway in fibroblasts, 
so we speculate that this activation not only exists in fibroblasts, but also is an important 
mechanism of Hst1’s extensive migration promoting effect.

In summary, we have conducted a comprehensive study on the regulation of Hst1 on 
fibroblast function in wound healing in vivo and in vitro. In addition, the mechanism of 
its effect was explored in vitro. Hst1 can promote the migration of fibroblasts and the 
transformation of fibroblasts into myofibroblasts, thus expressing stronger contractile 
and collagen secretion functions. In vivo, the wound healing rate was significantly 
accelerated and the mechanical properties of the healed skin were improved. This is 
related to the activation of the mTOR signaling pathway by Hst1 in fibroblasts, but the 
more detailed mechanism remains to be further studied.
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Abstract

Background: Histatin1 (Hst1)-derived shorter peptide — Hst1-MAD shows a comparable 
efficacy in promoting the migration of skin dermal fibroblasts and epithelial cells as Hst1 
in vitro model. In addition, Hst1-MAD bears a much higher production yield, higher initial 
purity and thus lower cost than Hst1. However, hitherto, the in-vivo effect of Hst1-MAD 
on acute wound healing hasn’t been investigated. In this study, we explored the effects of 
Hst1-MAD on acute skin wounds in mice. 

Methods: A 1 cm rounded full-thickness wound in the dorsal area of each mouse was 
made.	Twenty	seven	mice	were	divided	 into	 three	 treatment	groups:	 1	μM	Hst1-MAD,	 10	
μM	Hst1,	and	control.	On	day	3,	5	and	10	post-surgery,	 tissue	specimens	were	harvested	
to conduct Haematoxylin and eosin, Masson-trichrome, immunohistochemical, 
immunofluorescence staining and western blot.

Results:	Our	results	showed	that	the	healing	efficacies	of	the	wounds	treated	by	1	μM	Hst1-
MAD were significantly higher compared to the control group. Histopathological analysis 
showed that the collagen expression level, the surface area of CD31-positive blood vessels 
and	the	vascular	endothelial	growth	factor	(VEGF)	expression	level	in	the	1	μM	Hst1-MAD	
group was significantly higher than those of the control group. Immunofluorescence 
double	 staining	 showed	 that	 the	 ratio	 of	M2	 to	M1	macrophages	 in	 the	 groups	 of	 1	 μM	
Hst1-MAD	 and	 10	 μM	 Hst1	 was	 significantly	 higher	 compared	 to	 the	 control	 group.	
The	 expression	 intensity	 of	 claudin1	 and	 claudin2	 in	 the	 1	 μM	 Hst1-MAD	 group	 were	
significantly	 higher	 compared	 to	 the	 control	 group.	Western	 blot	 showed	 that	 the	 1	 μM	
Hst1-MAD group increased the expression level of NAD (P)H quinone oxidoreductase1 
(NQO1) and reduced the levels of pro-inflammatory factors interleukin 6 (IL-6), tumor 
necrosis	factor-α	(TNF-α)	and	macrophage	inflammatory	protein-1β	(MIP-1β).

Conclusion: The administration of Hst1-MAD could present a favorable effect in managing 
acute skin wound healing.

Keywords: Histatin1, Minimal active domain, Acute skin wound, Inflammatory response, 
Oxidative stress.
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Background

Skin is the largest organ in human body and provides a highly important barrier function 
to maintain the balance of water and electrolytes as well as prevent the invasion of 
environmental pathogens [1]. The integrity of skin can be easily damaged by trauma, 
surgery, abrasions and burns, which leads to acute wounds and dysfunctions of skin, 
causing a series of complications, such as dehydration, electrolyte disturbance and 
infections [2]. Therefore, the acceleration of acute wound healing is continuously pursued 
in clinic to rapidly restore the structural integrity and functionality of skin. The healing 
process of acute skin wound can be divided into four integrated and exquisitely modulated 
phases: haemostasis, inflammation, proliferation, and remodeling [3], which requires 
the participation of multiple molecular and cellular events. Immediately after injury, 
wound healing process begins with the activation of the coagulation cascades [4], leading 
to platelet aggregation, degranulation and release of growth factors, such as platelet-
derived	growth	factor	(PDGF),	transforming	growth	factor	beta	1	(TGF-β1),	which	recruits	
dendritic cells (DCs), macrophages, and fibroblasts into the wound [5, 6]. Monocyte-
derived macrophages can be divided into two distinct phenotypes: pro-inflammatory (M1-
like) macrophages and anti-inflammatory (M2-like) macrophages [7]. 24h after injury, M1 
macrophages infiltrate into wound area and secrete pro-inflammatory factors, such as 
interleukin	 6	 (IL-6),	 tumor	 necrosis	 factor-α	 (TNF-α)	 and	 reactive	 oxygen	 species	 (ROS)	
to continuously attract immune cells [7], which leads to the dominance of M1 macrophage 
at 3 days after injury. M1 macrophages are highly phagocytic and sanitize wound area 
by phagocyting pathogens and necrotic tissue. At 5 days after injury, M1 macrophages 
transit into M2 macrophages and express elevated level of pro-wound healing growth 
factors,	 such	 as	 TGF-β1,	 PDGF-BB,	 vascular	 endothelial	 growth	 factor	 (VEGF-α),	 which	
stimulate angiogenesis and re-epithelialization [7, 8]. These growth factors also promote 
the proliferation and induce differentiation of fibroblasts into myofibroblasts for collagen 
production and matrix remodeling [9]. With these biological events as pharmaceutical 
targets, tremendous attempts have been made to develop various bioactive agents aiming 
for promoting acute wound healing.

One of such promising bioactive agents is histatin1 (Hst1), a major member of the higher 
primates’ saliva-derived histidine-rich peptide family [10]. Hst1 is initially found to 
promote the in-vitro adhesion, spreading, migration and re-epitheliazation of epithelial 
cells [11, 12]. Thereafter, Hst1 is also proved to be effective for various skin-related cell 
types, such as fibroblasts [11], myofibroblasts [13], and endothelial cells [14]. In our latest 
in-vivo acute wound model, Hst1 not only promotes angiogenesis, re-epithelialization and 
collagen production, but also suppresses inflammation, thereby significantly accelerates 
acute skin wound healing in mice [15]. All these results indicate a promising application 
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potential of Hst1 in managing acute skin wound healing. On the other hand, the long 
sequence (38-amino acid) makes Hst1 less favorable for pharmaceutical application. In the 
field of synthetic therapeutic peptide, a peptide with 15 or fewer amino acids is preferred 
due to achieve a high production yield and easy purification [16, 17]. In our previous 
study, we have identified a 13-amino acid minimal active domain of the 38-amino acid 
Hst1 (Hst1-MAD, amino acid sequence: SHREFPFYGDYGS), which shows a comparable 
efficacy in promoting the migration of epithelial cells [18]. The study from another group 
also indicates that Hst1-MAD is effective in promoting the migration of skin dermal 
fibroblasts [19]. However, hitherto, the in-vivo effect of Hst1-MAD on acute wound healing 
hasn’t been investigated.

In this study, we wished to systematically assess the therapeutic efficacy of Hst1-MAD 
on promoting acute skin wound healing in mice using Hst1 as the positive control. We 
performed a series of histological, immunohistochemical and immunofluorescent 
staining’s to quantitatively assess wound closure percentage, angiogenesis, re-
epithelialization, collagen expression, inflammatory response and oxidative stress.

Methods

Animals
Forty two male C57 mice (6 to 8 weeks old; average weight, 22-28 g) were purchased 
from the Animal Research Center of Guangdong (Guangzhou, China). All animal works 
were approved by the Animal Care Committee of General Hospital of Southern Theater 
Command. The animal ethics approval number was 2020102003. Mice were allowed to 
adapt to their living environment for 1 week before experiments began.

Acute wound model in vivo
Preliminary experiments
The	Hst1	and	Hst1-MAD	(≥	95%	purity)	was	synthesized	and	supplied	by	the	manufacturer	
(SynPeptide Co., Ltd., Nanjing, China). Hst1 and Hst1-MAD was dissolved in 1 ml 0.9% 
NaCl respectively and supplemented with Hst1 formulations at final concentrations of 10 
μM	and	Hst1-MAD	at	0.01,	0.1,	1	and	10	μM.	In	previous	studies,	the	optimal	concentration	
of Hst1 in promoting the migration, adhesion of skin cells and acute wound healing is 
10	μM	[15,	20].	Therefore,	 the	 10	μM	Hst1	was	used	as	positive	control	 in	 this	study.	The	
treatments were divided into five groups as follows:
G1: Control (0.9% NaCl);
G2:	0.01	μM	Hst1-MAD;
G3:	0.1	μM	Hst1-MAD;
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G4:	1	μM	Hst1-MAD;
G5:	10	μM	Hst1-MAD;

Fifteen C57 mice anesthesia was achieved with an intraperitoneal injection of 1% 
pentobarbital sodium (5 ml/ kg). Under anesthesia, the dorsal hairs of each mouse was 
carefully shaved and sterilized with iodophor. A 1 cm rounded full-thickness wound in 
the dorsal area of each mouse was made by a punch biopsy instrument. Five different 
treatments were assigned to the wounds randomly, and each wound was treated with a 
0.5 ml dose every day until complete healing. The optimal concentration of Hst1-MAD at 1 
μM	was	confirmed	to	perform	further	evaluations	on	acute	wound	healing.	

Animal experiments
Twenty seven C57 mice were chosen to conduct further experiments. The treatments were 
divided into three groups as follows:
G1: Control (0.9% NaCl);
G2:	10	μM	Hst1;
G3:	1	μM	Hst1-MAD;

The animal experimental procedures were performed as above-mentioned. On day 3, 5 
and 10 post-surgery, three mice from each group were randomly sacrificed at each time 
point. The entire wound area was dissected and divided into two sections. One section 
was fixed 4% paraformaldehyde solution in order to conduct histological staining. The 
other section was used for western blot analysis. 

Wound closure
On day 0, 3, 5 and 10 post-surgery, the wounds were photographed with a Nikon digital 
camera (Tokyo, Japan) and the wound area was measured using Image J software. The 
percentage of wound healing (%) was calculated using the formula: wound healing 
percentage	 (%)	 =	 [(A0−Ax)	 /	A0]	×	 100%.	A0	 represented	 the	 initial	wound	area	on	day	0	
and Ax represented the wound area at each time point. 

Histological staining
Hematoxylin and eosin (H&E) staining
The fixed tissues were dehydrated in graded alcohol, cleared in xylene, infiltrated and 
embedded in paraffin with an embedding machine (JB-P5; Junjie Electronics Inc., Wuhan, 
CN).	Paraffin	blocks	were	 sliced	 in	a	 thickness	of	 4	μm,	and	dried	 in	an	oven	 (Shanghai	
Huitai Instrument Manufacturing Co., Ltd., Shanghai, China) at 65°C for two hours. 
The sections were dehydrated and stained with hematoxylin and eosin. The picture of 
each section was photographed by an electron microscope (Olympus BX51, Hamburg, 



94

Chapter 5

Germany). Five tissue sections in each group were selected. The area and length of re-
epithelium were measured using Image J software. The epithelial thickness= Epithelial 
area/ Epithelial length.

Masson-trichrome staining 
To semiquantify collagen production, tissue sections were stained with Masson-trichrome 
staining. All sections were dehydrated and stained sequentially with hematoxylin (G1004; 
ServiceBio Inc., Boston, MA), ponceau-acid fuchsin solution (G2011; ServiceBio Inc., 
Boston, MA), 1% phosphomolybdic acid and aniline blue (G1071; ServiceBio Inc., Boston, 
MA). The sections were dehydrated and sealed with neutral gum. Five tissue sections 
in each group were selected and the picture of all stained sections was taken by the 
microscope. Images were analyzed using Image-Pro Plus software. The expression level 
of newly collagen was quantified using the formula: Mean Optical Density (MOD) = 
integrated option density (IOD) sum/ Area sum.

Immunohistochemistry
To measure the angiogenesis in wounds, tissue sections were prepared as described 
above for histological analyses, then incubated overnight at 4°C with antibodies rabbit-
anti platelet endothelial cell adhesion molecule-1 (CD31) (GB13063; 1:300; Servicebio Inc., 
Boston, MA) and mouse-anti VEGF (MA5-13182; 1:100 Thermo Fisher Scientific Co., Ltd, 
California, US). Primary antibody binding was visualized by incubating with secondary 
goat anti-mouse (G1214; 1:200; ServiceBio Inc., Boston, MA) or goat anti-rabbit (G1213; 
1:200; ServiceBio Inc., Boston, MA) antibodies at room temperature for 1 h. The sections 
were	 detected	 with	 3,	 3′-diaminobenzidine	 tetrahydrochloride	 (DAB)	 solution	 (G1211;	
ServiceBio Inc., Boston, MA) and counterstained with hematoxylin. Five microscopic 
fields of each section and five sections of each group were photographed with the 
microscope. The positive expression of VEGF was analyzed by Image-Pro Plus software. 
The surface area of CD31-positive vessel was counted by Image J software automatically. 
Quantitative analysis by normalizing the surface area of CD31-positive vessel in treatment 
groups to the control group.

Immunofluorescence staining
To evaluate the expression of macrophages (M1 and M2) and tight junction molecules 
(claudin1 and claudin2) in wounds, immunofluorescence staining was performed. The 
tissue sections were incubated with antibodies against CD68 (GB11067; 1:300; Servicebio 
Inc., Boston, MA), CD80 (GB11034; 1:300; Servicebio Inc., Boston, MA), CD206 (GB11062; 
1:500; Servicebio Inc., Boston, MA), claudin1 (37-4900; 1:100; Thermo Fisher Scientific Co., 
Ltd, Shanghai, CN), claudin2 (32-5600; 1:200; Thermo Fisher Scientific Co., Ltd, Shanghai, 
CN) overnight at 4°C. Secondary HRP-Donkey anti-rabbit IgG antibodies (ab150075; 
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1:1000; Abcam Trade Co., Ltd, Shanghai, CN) and HRP-goat anti-mouse IgG antibodies 
(ab150113; 1:1000; Abcam Trade Co., Ltd, Shanghai, CN) were applied and incubated for 1 
h	at	room	temperature,	then	covered	with	4′,	6-diamidino-2′-phenylindole	(DAPI)	(G1012;	
Google Biotechnology Co., Ltd., Wuhan, CN). The stained sections were photographed 
using fluorescence microscope (Nikon Eclipse TI-SR, Tokyo, Japan). To distinguish the 
M1 and M2 macrophages, CD68-positive and CD80-positive were used to characterize 
M1-type macrophages. For M2 macrophages, immunofluorescence double staining was 
performed with CD68 and CD206 [21]. The positive cells were automatically counted and 
analyzed by Image-Pro Plus software. The expression level of claudin1 and claudin2 was 
quantified using the MOD value.

Western blot
To detect the expression of inflammatory factors and the modulation of oxidative stress, 
wound tissues were harvested to perform the western blot test. PBS was used to clear the 
wound tissue and lysis buffer was added, then homogenates were centrifuged at 12000 
g for 10 min. The supernatants were collected. Protein concentrations were determined 
by bicinchoninic acid (BCA) kit (p0010; Beyotime Biotechnology Co., Ltd., Shanghai, 
CN) and were mixed with reducing sodium dodecyl sulfate (SDS) sample buffer, then 
boiled for 5 min. The samples were loaded onto the SDS-PAGE gels and electrophoresis 
was performed at 80 volts for 30 min and then at 120 volts for 1 h. After transferring to a 
polyvinylidene fluoride (PVDF) membrane, the membrane was blocked with 5% skimmed 
milk for 1 h and incubated with primary antibodies nuclear factor (erythroid-derived 2)-
like 2 protein (Nrf2) (ab137550; 1:1000; Abcam Trade Co., Ltd, Shanghai, CN), NAD(P)H 
quinone oxidoreductase1( NQO1) (ab28947; 1:1000; Abcam Trade Co., Ltd, Shanghai, CN), 
TNF-α	(ab6671;	1:1000;	Abcam	Trade	Co.,	Ltd,	Shanghai,	CN),	IL-6	(ab9324;	1:1000;	Abcam	
Trade	Co.,	 Ltd,	 Shanghai,	 CN),	macrophage	 inflammatory	 protein-1β	 (MIP-1β)	 	 (C04131;	
1:1000; Signalway Antibody Co., Ltd, Nanjin, CN) overnight at 4°C. Subsequently, the 
membrane was covered with HRP-labeled goat anti-rabbit secondary antibody (SA00001-
2; 1:3000; Proteintech Group Inc., Wuhan, CN) and HRP-labeled goat anti-mouse 
secondary antibody (GB23301; 1:3000; Proteintech Group Inc., Wuhan, CN) for 1 h at room 
temperature and then visualized with chemiluminescence. To detect the expression of 
above proteins, the western blot bands were analyzed by Image J software.

Statistical analysis
Statistical comparisons were performed by One-way ANOVA, followed by Bonferroni’s 
test.  All quantitative data were presented as the mean ± standard deviation (SD). P< 0.05 
was considered statistic difference.
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Results 

The effects of Hst1-MAD on the contraction of skin acute wounds 

In order to screen the optimal concentration (the lowest concentration with maximal 
efficacy) for Hst1-MAD, we performed a preliminary dose-dependent study to assess 
the	 effects	 of	 Hst1-MAD	 at	 0.01,	 0.1,	 1	 and	 10	 μM	 on	 the	 healing	 process	 of	 acute	 skin	
wounds	 in	 rats.	 On	 day	 3	 post-surgery,	Hst1-MAD	 at	 1	 and	 10	 μM	 but	 not	 0.01,	 0.1	 μM	
was associated with a significantly higher wound healing percentage in comparison with 
the control (no Hst1-MAD) (Fig. 1A, 1B). According to this result, we adopted Hst1-MAD at 
its	optimal	concentration	 (1	μM)	to	 further	systematically	 investigate	 its	effects	on	acute	
wound	healing	using	10	μM	Hst1	as	a	positive	control.

Fig. 1 (A) On day 3 post–surgery, the wounds treated by 1 μM Hst1-MAD presented a smaller wound area compared to the 
Hst1-MAD at 0 μM, 0.01 μM, 0.1 μM, and 10 μM. (B) Quantitative analysis of preliminary experimental results showed 
that the percentage of wound contraction in the 1 μM Hst1-MAD was significantly higher compared to the other groups. 
Data were presented as mean ± SD. *: The 1 μM Hst1-MAD group and 10 μM Hst1-MAD group vs the 0 μM Hst1-MAD 
group (P < 0.05).
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In	the	subsequent	time-course	study,	the	wound	healing	percentage	in	the	group	of	1	μM	
Hst1-MAD was significantly higher compared to the control at 3  and 5 days post-surgery 
(Fig.	2A).	At	all	the	time	points,	1	μM	Hst1-MAD	showed	a	comparable	healing	efficacy	as	
10	μM	Hst1	(Fig.	2B).

Fig. 2 On day 3, 5 and 10 post-surgery, the dynamic changes of acute wound healing in the three groups after treatment. 
(A) Representative images of acute wounds showed that the wounds treated by1 μM Hst1-MAD and 10 μM Hst1 presented 
a smaller wound area compared to the control. (B) The wound contraction (%) in all groups. On day 3 and 5, the healing 
efficacies of the wounds treated by 1 μM Hst1-MAD were significantly higher compared to the control group, while 10 μM 
Hst1 showed such a superior efficacy on day 3. *: The 1 μM Hst1-MAD group and 10 μM Hst1 group vs the control group 
(P < 0.05).

The effects of Hst1-MAD on re-epithelialization and collagen expression
H&E	and	Masson	staining	were	performed	 to	evaluate	 the	effects	of	 1	μM	Hst1-MAD	on	
re-epithelialization (Fig. 3A) and collagen regeneration (Fig. 4A), 10 days after the wound, 
a continuous layer of newly formed epidermis was found on all the three groups (Fig. 
3A). Quantitative analysis showed that the thickness of newly formed epidermal layer in 
the	groups	of	10	μM	Hst1	and	1	μM	Hst1-MAD	was	1.54	and	1.47	times	that	of	the	control,	
respectively	 (Fig.	 3B).	 The	 collagen	 expression	 level	 in	 the	 1	 μM	 Hst1-MAD	 group	 was	
significantly higher compared to the control group on day 5 and 10 post-surgery. The 
epidermal	 layer	 thickness	 and	 dermal	 collagen	 expression	 under	 the	 treatment	 of	 1	 μM	
Hst1-MAD	was	comparable	with	those	of	10	μM	Hst1	(Fig.	4B).
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Fig. 3 Pathological evaluation of epidermal thickness at 
wound sites. (A) On day 10 post-surgery, the newly formed 
epidermal in the 10 μM Hst1 was thicker. The yellow curve 
showed the epidermal regeneration area. The scale bar = 
500 μm; (B) Quantitative analysis showed that 10 μM Hst1 
group was associated with the highest thickness of newly 
formed epidermal layer, which was followed by 1 μM Hst1-
MAD. No significant difference was found among these 
groups.

Fig. 4 Masson staining evaluation of collagen 
fibers deposited at the wound sites. (A) On day 
10 post-surgery, the collagen fibers in the 1 μM 
Hst1-MAD group deposited massively. Blue 
represented the positive expression. The scare 
bar = 100 μm; (B) On day 5 and 10 post-surgery, 
quantitative analysis showed  that the collagen 
expression level in the 1 μM Hst1-MAD group 
was significantly higher compared to the control 
group on day 5 and 10 post-surgery, while the 10 
μM Hst1 group showed a significant expression 
only on day 5. *: The 1 μM Hst1-MAD group and 
10 μM Hst1 group vs the control group (P < 0.05).
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The effects of Hst1-MAD on angiogenesis
To	 investigate	 the	 effects	 of	 1	 μM	 Hst1-MAD	 on	 angiogenesis,	 immunohistochemical	
staining was performed to detect both newly formed blood vessels (with CD31 as markers) 
(Fig. 5A) and the expression of angiogenic growth factor — VEGF (Fig. 6A). On day 10 
post-surgery, the surface area of CD31-positive blood vessel and the VEGF expression level 
per	microscopic	field	in	the	1	μM	Hst1-MAD	group	were	significantly	higher	than	those	of	
the	control	group.	In	contrast,	10	μM	Hst1	failed	to	significantly	elevate	either	parameter	
(Fig. 5B, Fig. 6B).

The effects of Hst1-MAD on angiogenesis
To	 investigate	 the	 effects	 of	 1	 μM	 Hst1-MAD	 on	 angiogenesis,	 immunohistochemical	
staining was performed to detect both newly formed blood vessels (with CD31 as markers) 
(Fig. 5A) and the expression of angiogenic growth factor — VEGF (Fig. 6A). On day 10 
post-surgery, the surface area of CD31-positive blood vessel and the VEGF expression level 
per	microscopic	field	in	the	1	μM	Hst1-MAD	group	were	significantly	higher	than	those	of	
the	control	group.	In	contrast,	10	μM	Hst1	failed	to	significantly	elevate	either	parameter	
(Fig. 5B, Fig. 6B).

The effects of Hst1-MAD on modulating of inflammatory cells
To evaluate the effect of Hst1-MAD on modulating of inflammatory cells at the wound 
site, M1 (CD68+ and CD80+) and M2 (CD68+ and CD206+) macrophages (Fig. 7A and 7B) 
were stained with the immunofluorescence double staining. On day 5 post-surgery, the 
number	of	M1	macrophages	per	microscopic	field	in	the	groups	of	1	μM	Hst1-MAD	(9.83	±	
2.48)	and	10	μM	Hst1	(8.67	±	4.88)	was	much	lower	than	that	in	the	control	group	(14.33	±	
7.89)	(Fig.	7C).	On	the	other	hand,	the	number	of	M2	macrophages	in	the	1	μM	Hst1-MAD	
group	 (13.40±5.86)	 and	 the	 10	 μM	Hst1	 group	 (10.67	 ±	 7.34)	was	 higher	 compared	 to	 the	
control group (9.17 ± 4.44) (Fig. 7D). As a result, the ratio of M2 to M1 macrophages in the 
groups	of	 1	μM	Hst1-MAD	and	 10	μM	Hst1	was	 significantly	higher	 (2.61	 and	2.17	 times,	
respectively) compared to the control group (Fig. 7E).
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Fig. 5 Immunohistochemical evaluation of the 
surface area of CD31 positive vessels at wound 
sites. (A) On day 10 post-surgery, the CD31 positive 
vessels per microscopic field (in green arrows) in 
the 1 μM Hst1-MAD group was the highest. The 
scale bar = 50 μm; (B) Quantitative analysis showed 
that the surface area of CD31-positive vessel was 
significantly higher compared to the control 
group. *: The 1 μM Hst1-MAD group vs the control 
group (P < 0.05).

Fig. 6 Immunohistochemical evaluation of 
the expression level of angiogenic marker 
VEGF. (A) On day 10 post-surgery, the positive 
expression level of VEGF in the 1 μM Hst1-MAD 
group was higher as shown in green arrows. 
The scale bar = 50 μm; (B) Quantitative analysis 
showed that the VEGF expression level in the 1 
μM Hst1-MAD group were significantly higher 
compared to the control group, while 10 μM 
Hst1 did not show a statistic difference with 
the control group. *: The 1 μM Hst1-MAD group 
vs the control group (P < 0.05).
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Fig. 7. Immunofluorescence double staining of M1 and M2 macrophages at the wound sites. (A) and (B) Representative 
images of M1 macrophages ( CD68 red color; CD80 green color; nuclei blue color) and M2 macrophages ( CD68 red color; 
CD206 green color; nuclei blue color) on day 5 post-surgery as shown in yellow arrows. (C) On day 5 post-surgery, the 
number of M1 macrophages in the groups of 1 μM Hst1-MAD and 10 μM Hst1 was lower than that in the control group. (D) 
The number of M2 macrophages in the 1 μM Hst1-MAD group was mildly higher compared to those in the 10 μM Hst1 group 
and control group. (E) The ratio of M2 to M1 macrophages in the groups of 1 μM Hst1-MAD and 10 μM Hst1 was significantly 
higher compared to the control. *: The 1 μM Hst1-MAD group and 10 μM Hst1 group vs the control group (P < 0.05).
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The effects of Hst1-MAD on the expression of tight junction proteins
Immunofluorescence staining was performed to evaluate the effects of Hst1-MAD on 
the expression of tight junction proteins (claudin1 and claudin2) in the newly formed 
epidermal layer (Fig. 8A, Fig. 9A) [22]. On day 10 post-surgery, the expression intensity of 
claudin1	 in	the	newly	formed	epidermal	 layer	of	 the	wounds	 in	the	groups	of	1	μM	Hst1-
MAD	and	10	μM	Hst1	was	significantly	higher	than	that	in	the	control	group	(Fig.	8B).	The	
treatment	of	1	μM	Hst1-MAD	also	resulted	in	significantly	higher	expression	intensity	of	
claudin2	than	the	control	and	10	μM	Hst1	(Fig.	9B).

Fig. 8 Immunofluorescence staining of Claudin1 at the wound sites. (A) Representative images of Claudin1 (Claudin1 red 
color; nuclei blue color) in the epidermal layer on day 10 post-surgery as shown in yellow curve. (B) On day 10 post-
surgery, the expression intensity of claudin1 in the newly formed epidermal layer of the wounds treated with 1 μM Hst1-
MAD and 10 μM Hst1 was significantly stronger compared to the control group. *: The 1 μM Hst1-MAD group and 10 μM 
Hst1 group vs the control group (P < 0.05).
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Fig. 9 Immunofluorescence staining of Claudin2 at the wound sites. (A) Representative images of Claudin2 (Claudin2 
red color; nuclei blue color) in the epidermal layer on day 10 post-surgery as shown in yellow curve. (B) The expression 
intensity of claudin2 in the 1 μM Hst1-MAD group was significantly stronger compared to the control group. *: The 1 μM 
Hst1-MAD group vs the control group (P < 0.05).

The effects of Hst1-MAD on the expression level of antioxidants and 
inflammatory factors
The Nrf2 and its downstream antioxidant proteins NQO1 form one of the major 
mechanisms to attenuate ROS-induced damages to skin wound tissues [23]. We 
performed western blot analysis to evaluate the effect of Hst1-MAD on the expression level 
of Nrf2 and NQO1 [23] (Fig. 10A). On day 5 post-surgery, the expression level of Nrf2 in the 
1	μM	Hst1-MAD	group	were	higher	compared	to	the	control	group	although	no	statistical	
significance was found between these two groups (Fig. 10B). In contrast, the expression 
level	 of	 NQO1	 in	 the	 1	 μM	 Hst1-MAD	 group	 was	 significantly	 higher	 (3.13	 times)	 than	
that in the control group (Fig. 10C). Thereafter, we further analyzed the inflammatory 
factors at the same time point (Fig. 10A). On day 5 post-surgery, the expression levels 
of	pro-inflammatory	 factors	 IL-6,	TNF-α	and	MIP-1β	 in	 the	 1	μM	Hst1-MAD	group	were	
significantly lower than those in the control group (Fig. 10D-F).
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Fig. 10 Western blot analysis of the antioxidative stress proteins Nrf2, NQO1 and the inflammatory factors IL-6, TNF-α 
and MIP-1β. (A) Representative images of the expression level of Nrf2, NQO1, IL-6, TNF-α and MIP-1β. (B and C) On day 
5 post-surgery, the expression level of Nrf2 and NQO1 in the 1 μM Hst1-MAD group was higher than that in the control 
group. (D-F) On day 5 post-surgery, the expression levels of pro-inflammatory factors IL-6, TNF-α and MIP-1β in the 1 μM 
Hst1-MAD group were significantly lower than those in the control group.*: The 1 μM Hst1-MAD group vs the control 
group (P < 0.05).
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Discussion

An ideal drug for accelerating acute skin wound healing should be able to not only 
significantly promote re-epithelialization, collagen expression, and angiogenesis but 
also suppress excessive inflammation and oxidative damages. In this study, we have 
shown that the administration of Hst1-MAD — a 13-amino acid minimal active domain of 
human salivary Hst1 — was associated with significantly higher layer thickness, collagen 
deposition, angiogenesis, tight junction proteins (Claudin 1 and 2) and endogenous anti-
oxidative enzyme NQO1. Furthermore, it also significantly promoted the transition of 
macrophage polarization from M1 to M2 and reduced inflammatory cytokines, such as 
IL-6,	 TNF-α	 and	 MIP-1β.	 More	 strikingly,	 the	 optimal	 concentration	 of	 Hst1-MAD	 was	
even one-tenth lower than that of Hst1. These findings suggested a promising application 
potential of Hst1-MAD in promoting acute skin wound healing.

Existing wound healing drugs can be mainly divided into two groups: small-molecule 
compounds (e.g. deferoxamine) [24] and proteineous growth factors (e.g. epidermal 
growth factor (EGF)) [25]. However, these drugs have their respective limitations for 
clinical applications. For example, the bio-activity of small-molecule compounds is 
relatively low and unstable, while proteineous growth factors are expensive, require 
rigorous preservation conditions, and are liable to cause hyperplastic scars [25]. In 
comparison, peptides are a unique class of bioactive agents to promote tissue regeneration 
[26]. In human body, more than 7000 naturally occurring peptides have been identified as 
hormones, neurotransmitters, growth factors, ion channel ligands, or anti-infectives to 
regulate a large variety of physiological events [27, 28]. In contrast to proteineous growth 
factors, peptides can be chemically synthesized (such as solid phase peptide synthesis) 
with much higher efficiency, quantity and purity [29, 30]. These properties confer 
peptides very promising potential for pharmaceutical application [31]. Over the past two 
decades, nearly 60 peptide drugs have been approved worldwide [32]. A global industry 
analysis on peptide therapeutics in 2016 estimates the sales of peptide drugs at more than 
70 billion USD in 2019 with a compound annual growth rate (CAGR) of 9.1% to 2024 [33]. 
In our previous studies, we have already shown that human salivary peptide Hst1 at the 
optimal	concentration	of	10	μM	can	not	only	stimulate	the	in vitro adhesion, spreading and 
migration of various skin-related cells [13, 20], but also significantly promote the in-vivo 
skin wound healing without [15] or with the combination of biomaterials [34]. The findings 
indicate that human salivary Hsts, particularly Hst1, is efficacious in promoting the 
healing of acute skin wounds. In this study, we further explored the application potential 
of Hst1-derived shorter peptide — Hst1-MAD since its synthesis bears a much higher 
production yield, higher initial purity and thus lower cost than Hst1. Hitherto, Hst1-
MAD has only been shown to have a comparable pro-migratory effect on human buccal 
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epithelial cells [18] and skin dermal fibroblast [19] at the same concentration as Hst1 in 
in-vitro experiment settings. In this study, we hypothesized that Hst1-MAD was capable of 
promoting the healing of in-vivo skin acute wound in a comparable dose efficacy as Hst1.

Surprisingly,	in	our	preliminary	concentration-screening	test,	we	showed	that	1	μM	Hst1-
MAD was the most effective in promoting skin wound healing among the several selected 
concentrations.	 In	 the	 following	 test,	we	 showed	 that	 1	 μM	Hst1-MAD	was	 even	 slightly	
superior	to	10	μM	Hst1	in	the	same	model.	In	contrast,	in	our	recent	study,	we	showed	that	
the	 healing	 efficacy	 of	 1	 μM	Hst1	was	 significantly	 lower	 to	 10	 μM	Hst1.	 These	 findings	
indicated	 that	 1	 μM	 Hst1-MAD	 was	 already	 very	 effective,	 which	 further	 strengthened	
the advantage of Hst1-MAD in cost efficacy over Hst1. One possible explanation might be 
that Hst1-MAD shows significantly higher resistance to wound extract-derived enzymatic 
degradation than Hst1 [19]. In previous study, Hst1 has been shown to be dramatically 
degraded with 46% and only 8% remained at 8 h and 24 h post exposure, while 80% 
and 42% of Hst1-MAD remained intact after 8 h and and 24 h, respectively [19]. This is 
because that hst1 may have more cleavage sites than the much smaller Hst1-MAD and the 
degradation mainly occurs in the flanking regions of Hst1, which limits its half-life and 
reduces the bioavailable concentration [19]. However, after a continuous 96 h exposure, 
Hst1-MAD showed a significantly comparable effect as Hst1 on stimulating fibroblast 
migration compared to unexposed fibroblast [19]. Therefore, it seems that the resistance 
to enzymatic degradation might not contribute to the lower optimal concentration of 
Hst1-MAD. Further study is highly needed to unveil the underlying mechanisms.

Epithelialization, collagen deposition and angiogenesis are the principal parameters of wound 
healing.	Re-epithelialization	starts	approximately	16-24	h	after	injury	and	goes	through	the	whole	
phase	of	the	wound	healing	process.	The	epithelial	cells	and	keratinocytes	located	on	the	skin	edge	
begin proliferating and migrating toward the wound centre to re-establish a protective barrier 
under	the	stimulation	of	inflammatory	cytokines,	such	as	IL-1,	TNF-α	and	keratinocyte	growth	
factor	(KGF)	produced	by	macrophages	and	fibroblasts	[35].	Fibroblasts	migrate	into	the	wound	
site	from	the	surrounding	tissue	that	is	induced	by	macrophages-secreted	TGF-β1	and	PDGF	so	as	
to	promote	the	collagen	synthesis	and	transform	into	myofibroblasts	for	wound	contraction	[35].	
Angiogenesis,	stimulated	by	TNF-α,	is	marked	by	endothelial	cell	migration	and	new	blood	vessels	
formation that brings nutrients, oxygen for cellular proliferation, migration, and metabolic 
activities	 in	wounds	 [36].	 In	our	previous	 study,	Hst1	has	been	shown	 to	 significantly	promote	
newly formed epidermis thickening on day 7 post-surgery [15]. In this study, our results showed 
that	10	μM	Hst1	and	1	μM	Hst1-MAD	were	associated	with	higher	(1.54	and	1.47	times,	respectively)	
newly formed epidermal thickness than those of control on day 10 post-surgery, whereas no 
statistical	significance	was	found	among	these	groups.	One	potential	explanation	may	be	that	the	
thickness	of	the	epidermis	keep	on	thickening	until	day	7	after	skin	injury	and	thereafter	gradually	
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becomes thinner so as to approximate normal skin epidermis thickness [37]. In addition, Hst1 has 
been	also	shown	to	promote	 the	migration	of	fibroblasts	and	 the	 transformation	of	fibroblasts	
into	myofibroblasts	to	enhance	wound	contractile	function	and	collagen	deposition	[16].	In	this	
study,	our	results	demonstrated	that	both	1	μM	Hst1-MAD	and	10	μM	Hst1	were	associated	with	
significantly	higher	collagen	expression	than	those	of	control.	These	results	showed	that	the	effect	
of	1	μM	Hst1-MAD	on	these	parameters	was	comparable	with	those	of	10	μM	Hst1.	Furthermore,	
we showed that the surface area of CD31-positive blood vessel and the VEGF expression level in 
the	1	μM	Hst1-MAD	group	were	significantly	higher	than	those	of	the	control	group.	In	addition	
to the above parameters, cell-cell junction is also an important factor to participate in the 
formation of skin barrier, mainly including adherens junctions, tight junctions and desmosomes 
[38]. Tight junctions consisted of a variety of transmembrane proteins such as claudin, occludin 
are functional, intercellular structures that maintain skin barrier functions and is critical for 
effective	wound	healing	[39].	Claudin1	is	the	major	transmenbrane	protein	contributed	to	form	
the paracellular barrier in the newly formed epidermis [39]. It has been shown that knockdown 
of claudin1 can not only markedly decrease the proliferation and migration of skin keratinocytes, 
but also reduces the water barrier function in the stratum corneum, leading to severe water 
loss [40, 41]. Hst1 has been shown to increase the transepithelial resistance (TER, a functional 
measure of the integrity of tight junctions) [42] in human epithelial cells, thereby creating an 
epithelial barrier [12]. Furthermore, Hst1 can also increase mRNA levels of junction protein ZO-1 
in the same cell line [20]. In this study, we showed that the expression intensity of claudin1 in the 
newly	formed	epidermal	layer	of	the	wounds	treated	with	1	μM	Hst1-MAD	and	10	μM	Hst1	were	
significantly	higher	 than	those	of	control.	Another	 transmenbrane	protein,	claudin2,	 is	 located	
in the epidermis and is expressed in human keratinocytes, mainly participate in forming cation-
selective and water permeable channels [43]. Our results showed that the expression intensity of 
claudin2	treated	with	1	μM	Hst1-MAD	was	significantly	higher	than	the	10	μM	Hst1	and	control.	In	
contrast,	10	μM	Hst1	did	not	show	beneficial	effect	in	this	parameter.	The	finding	indicated	that	
Hst1-MAD could promote the expression of claudin2 in the newly formed epidermal layer so as to 
maintain ionic gradients and barrier function.

The M1/ M2 macrophage polarization is critical for wound healing. After wounding, 
monocytes differentiate into pro-inflammatory M1 macrophages (classically activated 
macrophages) stimulated by bacterial products like lipopolysaccharide (LPS) and 
inflammatory cytokines (IL-4, IL-10) [44]. M1 macrophages are involved in phagocyting 
microbes	and	secreting	pro-inflammatory	mediators,	such	as	TNF-α,	IL-6,	iNOS	and	MIP-
1β	 [45].	 In	 a	 later	 inflammatory	 phase,	 M1	 macrophages	 convert	 into	 M2	macrophages	
(alternatively	 activated	 macrophages)	 that	 express	 high	 levels	 of	 TGF-β1,	 VEGF-α,	 and	
PDGF to promote angiogenesis, collagen systhesis, and re-epithelialization [46]. A 
rapid switch from M1 into M2 macrophage can promote resolution of inflammation 
and wound healing [47], while a delayed transit of M1 to M2 can lead to the risks of 
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delayed wound healing and excessive scar formation [47]. In this study, the expression 
levels	 of	 inflammatory	 factors	 IL-6,	 TNF-α	 and	 MIP-1β	 in	 the	 1	 μM	 Hst1-MAD	 group	
were significantly lower compared to the control. In addition, the ratio of M2 to M1 
macrophages	 in	 the	 groups	 of	 1	 μM	Hst1-MAD	and	 10	μM	Hst1	was	 significantly	 higher	
compared	to	the	control	group.	All	these	results	indicated	that	1	μM	Hst1-MAD	could	also	
regulate macrophage polarization, thereby reducing inflammation and promoting healing 
in acute wounds.

In the process of wound healing, innate immune cells produce and secrete large 
amounts of ROS to prevent the invasion of bacteria. ROS is a collective term for radical 
species included superoxide, hydroxyl radical, hydrogen peroxide and singlet oxygen 
[48]. However, oxidative stress resulting from an imbalance between pro-oxidants and 
antioxidants can lead to an excessive production of ROS, consequently leading to serve 
cell damage, scar formation, even non-healing wounds [49]. Antioxidant systems play a 
protective role by scavenging ROS derivates. Nrf2 is a critical transcriptional factor and 
binds to antioxidant-response elements to up-regulate the expressions of downstream 
antioxidant proteins such as NQO1. NQO1 is a cytosolic flavoenzyme expressed in 
epithelial and vascular endothelial tissues, which bears superoxide-scavenging activity 
so as to protect cells against oxidative stress [50]. Our study showed that the expression 
level	 of	Nrf2	 in	 the	 1	μM	Hst1-MAD	group	was	higher	 compared	 to	 the	 control	 group	at	
day 5 post-surgery. In addition, the expression level of NQO1 was significantly higher 
compared to the control group. The results suggested that Nrf2-NQO1 antioxidative axis 
was involved in the pro-healing effects of Hst1-MAD. 

Conclusions

In	conclusion,	we	found	that	1	μM	Hst1-MAD	could	significantly	promote	acute	skin	wound	
healing by enhancing wound closure, re-epithelialization, collagen deposition, angiogenesis 
and	the	expression	of	tight	junction	proteins.	Furthermore,	this	is	the	first	study	to	report	
that Hst1-MAD could actively regulate the switch from M1 into M2 macrophages and up-
regulate the Nrf2/ NQO1 axis so as to create the favorable environment for wound healing. 
All	 these	 findings	 indicated	 a	 promising	 application	 potential	 in	managing	 acute	 wound	
healing. Further studies will be needed to explore the underlying molecular and cellular 
mechanisms of Hst1-MAD on wound healing. Large animal studies are still needed to 
further corroborate the clinical application potential of Hst1-MAD. 
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The primary function of the skin is to serve as a protective barrier against physical 
damage, pathogens, and dehydration, contributing to the maintenance of body health 
and homeostasis [1]. Once skin damage occurs, the barrier loses its protective function. 
It is essential to accelerate wound healing to rapidly reconstruct damaged skin tissue and 
restore its integrity and functionality [2]. A viable therapy should be able to not only take 
effect rapidly so as to accelerate skin wound closure in early stages, but also significantly 
promote re-epithelialization, collagen expression, angiogenesis as well as suppress 
excessive inflammation. In this thesis, we focused on exploring the feasibility and efficacy 
of administrating bioactive substances (PRP, Hst1, and Hst1-MAD) without or with ADM 
or SIS with the aim of achieving better therapeutic effect on skin wound healing.

Wound closure is the primary goal of wound management in clinic, which helps to 
significantly reduce potential complications of open wounds, such as dehydration and 
infections [3]. Therefore, we adopted wound healing percentage as the principal parameter 
to screen the efficacies of various therapies in accelerating acute skin wounds. ECM-based 
materials, such as ADM and SIS, contain collagen, glycosaminoglycans, proteoglycans, 
and many bioactive growth factors, which are clinically available to treat acute and 
chronic wounds by promoting the proliferation, migration and attachment of various skin 
cells [4, 5]. However, its efficacy still needs to be significantly improved to meet clinical 
demands for accelerating acute skin wound healing [6, 7]. To approach this problem, 
bioactive substances are co-administrated with these ECM-based materials to accelerate 
wound healing. One of such bioactive substances is PRP, as an autologous blood-derived 
product, which can be applied in clinic with excellent biocompatibility and minimal 
regulatory obstacles [8]. In chapter 2, we hypothesized that the co-administration of PRP 
and SIS on full-thickness skin defects in mice might achieve a better efficacy on wound 
healing than SIS alone. Our study showed that the co-administration of PRP and SIS 
yielded a significantly better effect on wound closure compared to the SIS and control on 
day 3 post-surgery, which suggested that PRP was a viable bioactive substance to promote 
the healing of acute skin wounds in clinic. Such a beneficial effect might be attributed 
to the presence of a host of mitogenic and chemotactic growth factors in PRP, which 
promote the proliferation, migration, and adhesion of target cells, such as fibroblasts, 
epithelial cells, and endothelial cells [9, 10]. On the other hand, PRP is a non-standard 
product and its therapeutic efficacy in clinic seems still unstable and inconsistent [11]. A 
related study has shown that the concentrations of EGF and growth differentiation factor 
11 (GDF11) in PRP of diabetes mellitus (DM) patients are significantly lower than those in 
healthy patients. Furthermore, the concentrations of PDGF-AB/BB, VEGF-A and GDF11 
in PRP of healthy patients aged > 45 years are significantly lower than those in healthy 
patients aged< 45 years. These findings indicate that the quality and therapeutic effects 
of PRP are highly inconsistent and largely dependent on the health status of patients. To 
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guarantee treatment efficacy in clinic, efforts should be taken to seek exogenous bioactive 
substances with reproducible and predictable pharmaceutical effects as well as good 
biocompatibility. Hst1 is a major member of a histidine-rich peptide family derived from 
the saliva of humans and higher primates, which has been suggested to be bio-safe and 
effective	for	oral	wound	healing	[12].	Hst1	at	the	optimal	concentration	of	10	μM	has	been	
shown a series of cell-activating properties, such as promotion of adhesion, spreading, 
migration, and cell-cell junction of various skin cells [13-16]. However, hitherto, the in-
vivo effect of Hst1 on the healing of acute skin wounds has rarely been investigated. In 
chapter 3,	we	co-administrated	ADM	and	Hst1	(at	1	μM,	10	μM	and	50	μM,	respectively)	on	
full-thickness skin defects in mice aiming to achieve a better therapeutic effect on acute 
skin wound healing. Our study demonstrated that in this in-vivo acute wound model, 
irrespective of the presence or absence of ADM, the most effective concentration of Hst1 
was	 10	 μM,	which	was	 consistent	with	 the	 in-vitro	 findings	 [13,	 17,	 18].	 In	 addition,	 the	
co-administration	of	ADM	and	 10	μM	Hst1	was	not	 superior	 to	 10	μM	Hst1.	 In	 contrast,	
10	μM	Hst1	alone	significantly	promoted	 the	healing	percentage	at	as	early	as	day	3	and	
5 post-surgery. One potential explanation may be that the interaction between positively 
charged Hst1 with negatively charged ECM components, such as glycosaminoglycans, 
may hinder the release of Hst1, thus reducing its in-site concentration [19]. Furthermore, 
kallikrein 13 activated by glycosaminoglycans can efficiently cleave peptide substrates at 
the R-R bond [20]. In another study, we corroborated such an efficacy of Hst1 in healing 
acute skin wounds in rats (chapter 4). On the other hand, the long sequence (38-amino 
acid) makes Hst1 less favorable for pharmaceutical application. In the field of synthetic 
therapeutic peptides, a peptide with 15 or fewer amino acids is preferred due to achieve a 
high production yield and easy purification [21, 22]. In our previous study, we identified 
a 13-amino acid minimal active domain of the 38-amino acid Hst1 (Hst1-MAD), which has 
only been shown to have a comparable pro-migratory effect on human buccal epithelial 
cells [23] and skin dermal fibroblast [24] at the same concentration as Hst1 in in-vitro 
experiment settings. In chapter 5, we systematically assessed the therapeutic efficacy of 
Hst1-MAD on acute skin wounds in mice using Hst1 as the positive control. Our results 
indicated	 that	 1	μM	Hst1-MAD	was	 the	most	 effective	 in	promoting	 skin	wound	healing	
among	 the	 several	 selected	concentrations	 (0.01,	0.1,	 1	 and	 10	μM)	with	 its	 efficacy	even	
slightly	superior	to	10	μM	Hst1.	In	contrast,	we	showed	that	the	healing	efficacy	of	1	μM	
Hst1	was	 significantly	 lower	 than	 10	 μM	Hst1	 (chapter 3). These findings indicated that 
1	μM	Hst1-MAD	was	already	very	effective,	which	further	strengthened	the	advantage	of	
Hst1-MAD in cost efficacy over Hst1. One possible explanation might be that Hst1-MAD 
shows significantly higher resistance to wound extract-derived enzymatic degradation 
than Hst1 [24]. All these findings indicated a clinical application potential of Hst1-MAD in 
promoting acute skin wound healing.
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Inflammatory response is a principal biological event for wound healing, which is 
essential for attacking invading pathogens and removing tissue debris [25]. After 
wounding, monocytes differentiate into pro-inflammatory M1 macrophages (classically 
activated	macrophages)	stimulated	by	T	cell	(Th)	1	cytokines,	such	as	interferon-γ	(IFN-γ)	
and bacterial products, such as lipopolysaccharide (LPS) [26]. M1 macrophages are 
involved in host defense through phagocytizing microbes and secreting pro-inflammatory 
mediators,	 such	 as	 TNF-α,	 IL-6,	 iNOS	 and	MIP-1β	 [27].	 In	 a	 later	 inflammatory	 phase,	
M1 macrophages convert into M2 macrophages (alternatively activated macrophages) 
that	express	high	levels	of	TGF-β1,	VEGF-α,	and	PDGF	to	promote	angiogenesis,	collagen	
synthesis, and re-epithelialization [28, 29]. A rapid switch from M1 into M2 macrophage 
can promote inflammation resolution and wound healing [30], while a delayed transit of 
M1 to M2 can lead to the risks of delayed wound healing and excessive scar formation [30]. 
In chapter 2, our study demonstrated that the number of M1 macrophages dramatically 
decreased in the PRP+SIS group and PRP group on day 7 post-surgery, while the groups 
of SIS and control did not. In addition, our study also showed that the ratio of M2 to M1 
macrophages in the PRP + SIS group and PRP group was 3.97- and 2.93-times that of 
the control group, and 4.56- and 3.37-times that of the SIS group on day 7. Such effects 
may be attributed to apoptosis-induced platelet microparticles in PRP, which have the 
potential to promote the M2 polarization of macrophages [31]. Furthermore, PRP can also 
promote the expression of M2 polarization markers and cytokines in macrophages, such 
as	CD206,	CD163,	CD86	and	IL-10	production	[32].	In	another	study,	the	groups	of	10	μM	
Hst1 (chapter 3)	and	1	μM	Hst1-MAD	(chapter 5) showed a significantly lower expression 
level	of	inflammatory	factors,	such	as	IL-6	and	TNF-α	than	the	control.	The	ratio	of	M2	to	
M1	macrophages	in	the	groups	of	1	μM	Hst1-MAD	and	10	μM	Hst1	was	significantly	higher	
compared to the control group (chapter 5). To our knowledge, this was the first study 
to show that Hst1 and Hst1-MAD could significantly down-regulate inflammation and 
promote M2 polarization of macrophages, thereby promoting healing in acute wounds. 
These data showed that the transition of M1 to M2 macrophage polarization was one of 
the major targets of these bioactive substances to promote acute skin wound healing.

In the process of wound healing, innate immune cells produce and secrete large amounts 
of ROS to prevent the invasion of bacteria. ROS is a collective term of radical species 
that includes superoxide, hydroxyl radical, hydrogen peroxide and singlet oxygen [33]. 
However, oxidative stress resulting from an imbalance between pro-oxidants and 
antioxidants can lead to excessive production of ROS, consequently leading to severe 
cell damage, scar formation, even non-healing wounds [34]. Antioxidant systems play a 
protective role by scavenging ROS derivates. Nrf2 is a critical transcriptional factor and 
binds to antioxidant-response elements to up-regulate the expression of downstream 
antioxidant proteins such as NQO1. NQO1 is a cytosolic flavoenzyme expressed in 
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epithelial and vascular endothelial tissues, which bears superoxide-scavenging activity so 
as to protect cells against oxidative stress [35]. In chapter 5, our study showed that the 
expression	level	of	Nrf2	in	the	1	μM	Hst1-MAD	group	was	higher	compared	to	the	control	
group. In addition, the expression level of NQO1 was significantly higher compared to the 
control group. The results suggested that the Nrf2-NQO1 antioxidative axis was involved 
in the pro-healing effects of Hst1-MAD.

Re-epithelialization, collagen deposition, and angiogenesis are the principal parameters 
of wound healing. Re-epithelialization starts approximately 16-24 h after injury and 
goes through the whole phase of the wound healing process [36]. The epithelial cells and 
keratinocytes located on the skin edge begin proliferating and migrating toward the 
wound centre to re-establish a protective barrier under the stimulation of inflammatory 
cytokines,	 such	 as	 IL-1,	 TNF-α	 and	 keratinocyte	 growth	 factor	 (KGF)	 produced	 by	
macrophages and fibroblasts [37]. Fibroblasts migrate into the wound site from the 
surrounding	 tissue	 that	 is	 induced	 by	 macrophage-secreted	 TGF-β1	 and	 PDGF	 so	 as	
to promote collagen synthesis and transform into myofibroblasts for wound closure 
[37].	 Angiogenesis,	 stimulated	 by	 TNF-α,	 is	 marked	 by	 endothelial	 cell	 migration	 and	
new blood vessel formation that brings nutrients and oxygen for cellular proliferation, 
migration, and metabolic activities in wounds [38]. In chapter 2, our results indicated 
that the co-administration of SIS and PRP was associated with significantly higher newly 
epidermal thickness and collagen expression compared to the control and SIS alone. In 
addition, the combination of PRP and SIS yielded the greatest number of CD31-positive 
blood vessels and showed the highest VEGF expression. These results demonstrated 
that the co-administration of SIS and PRP efficaciously stimulated proliferation and 
migration of skin cells, as well as potentiated their functionality. Such an effect may 
be	primarily	 attributed	 to	 growth	 factors,	 including	EGF,	TGF-β1	 and	VEGF	 in	PRP	 and	
SIS, which promote proliferation, migration and adhesion of skin cells to enhance re-
epithelialization, collagen synthesis and angiogenesis [39-41]. In chapter 3, our results 
demonstrated that ADM did not show beneficial effects in the two parameters of 
epidermal	thickness	and	collagen	deposition.	In	contrast,	10	μM	Hst1	was	associated	with	
significantly higher newly formed epidermal thickness and collagen area than those of 
control,	ADM,	and	ADM	+	10	μM	Hst1	groups.	These	results	suggested	that	Hst1	not	only	
efficaciously stimulated cell migration, but also enhanced the proliferation and functions 
of skin cells. Such effects may be attributed to the promoting effects of Hst1 on cell 
metabolism [42] and cell functions [13, 14] since Hst1 does not promote cell proliferation 
[15].	Furthermore,	the	10	μM	Hst1	group	presented	a	higher	number	of	CD31	positive	blood	
vessels and showed a higher VEGF expression level than other groups. Mechanistically, 
Hst1 directly promotes endothelial cell adhesion, spreading, and migration, which is 
mediated by the activation of the Ras and RIN2/ Rab5/ Rac1 signaling axis [15]. In chapter 
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4,	 our	 results	 demonstrated	 that	 10	 μM	Hst1	 could	 promote	 the	migration	 of	 fibroblast	
and the transformation of fibroblasts into myofibroblasts to enhance wound closure and 
collagen deposition. In chapter 5,	our	 results	demonstrated	 that	 1	μM	Hst1-MAD	and	 10	
μM	Hst1	were	associated	with	 significantly	higher	 collagen	expression	 than	 those	of	 the	
control. Furthermore, we showed that the surface area of CD31-positive blood vessels 
and	 the	 VEGF	 expression	 level	 in	 the	 1	 μM	 Hst1-MAD	 group	 were	 significantly	 higher	
than	those	of	control.	All	these	results	showed	that	the	effect	of	1	μM	Hst1-MAD	on	these	
parameters	was	comparable	with	those	of	10	μM	Hst1.	In	addition	to	the	aforementioned	
parameters, cell-cell junction is also an important factor to participate in the formation 
of skin barrier, mainly including adherens junctions, tight junctions and desmosomes 
[43]. Tight junctions consist of a variety of transmembrane proteins such as claudin and 
occludin are functional, intercellular structures that maintain skin barrier functions 
and are critical for effective wound healing [44]. Claudin1 is the major transmenbrane 
protein that contributes to forming the paracellular barrier in the newly formed 
epidermis [44]. It has been shown that knockdown of claudin1 can not only markedly 
decrease the proliferation and migration of skin keratinocytes, but also reduce the water 
barrier function in the stratum corneum, leading to severe water loss [45, 46]. Hst1 has 
been shown to increase the transepithelial resistance (TER, a functional measure of the 
integrity of tight junctions) [47] in human epithelial cells, thereby creating an epithelial 
barrier [14]. Furthermore, Hst1 can also increase mRNA levels of junction protein ZO-1 in 
the same cell line [13]. In chapter 5, we showed that the expression intensity of claudin1 
in	 the	 newly	 formed	 epidermal	 layer	 of	 the	 wounds	 treated	 with	 1	 μM	 Hst1-MAD	 and	
10	 μM	 Hst1	 was	 significantly	 higher	 than	 that	 of	 the	 control.	 Another	 transmenbrane	
protein, claudin2, is located in the epidermis and is expressed in human keratinocytes, 
mainly participates in forming cation-selective and water permeable channels [48]. Our 
results	showed	that	the	expression	intensity	of	claudin2	treated	with	1	μM	Hst1-MAD	was	
significantly	higher	than	the	10	μM	Hst1	and	control.	In	contrast,	10	μM	Hst1	did	not	show	
a beneficial effect in this parameter. The finding indicated that Hst1-MAD could promote 
the expression of claudin2 in the newly formed epidermal layer so as to maintain ionic 
gradients and barrier function.

The conclusions of this thesis can be summarized as follows:
1.  The co-administration of SIS and PRP on acute wounds achieved a desirable effect on 

modulating the immune response of macrophages. In addition, the co-administration 
of them could accelerate wound healing, promoting angiogenesis, re-epithelialization, 
and collagen production as well as facilitating the transition of M1 into M2 macrophages, 
which presented a promising application in managing acute wound healing. 

2.		Topically	 administrated	 10	 μM	 Hst1	 could	 significantly	 accelerate	 wound	 healing	 by	
promoting angiogenesis, re-epithelialization, and collagen production as well as 
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suppressing inflammation, which indicated a promising application in managing acute 
wound healing. 

3.  In vitro, Hst 1 can promote the migration of fibroblasts and the transformation of 
fibroblasts into myofibroblasts, thus enhancing wound contractile and collagen 
secretion functions through the activation of the PI3K/ AKT/ mTOR signaling pathway. 
In vivo, the wound healing rate was significantly accelerated and the mechanical 
properties of the healed skin were improved. The more detailed mechanism remains to 
be further studied.

4.		The	application	of	1	μM	Hst1-MAD	on	acute	wound	could	significantly	accelerate	wound	
healing by promoting wound closure, re-epithelialization, expression of tight junction 
proteins, collagen formation, and angiogenesis as well as alleviate inflammatory 
response in late inflammatory period, which indicated a promising application in 
managing acute wound healing.

In conclusion, PRP is clinically ready to be co-administrated with SIS to manage acute 
skin wounds. Topical administration of Hst1 or Hst1-MAD could be novel and promising 
therapies to accelerate acute skin wound healing. Further studies will be needed to explore 
the underlying molecular and cellular mechanisms on wound healing. Large animal 
studies are still needed to further corroborate their clinical application potential. The 
thesis provides a theoretical basis to evaluate and develop favorable bioactive materials 
for acute skin wound healing.
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